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/- Preface

The safty and the quality of eranoimawn have always betas ma ter o n oceni for radio Operators.

As radiocommuofasoas began, users soon recognized that noise was a disturbing factor against waich it was necessary to
provide peotntm Redoon of the bandwidth of the modulated s appeared as a natural solution but, unfortunatdy, it

could not defitartelyimpovetroiamnmssonefficieicy Dmo ryoffrequeocy modulaton.and thedevrdopMentofioformahoi

theory pointed out the gai wich could be expected by extending the spectrum of modulated sigals.

When apphed to pirfect communcation charnels. spread spectrum seems to have no lttations. With real chaianels the

atamabe spreads am limited by numnerous phenomena whid dstort the transfer functio .

This Lecture Series is devoted to the study of theise pheomena and to the consequeaces they have on signal trsmission

Presentaton of the topics takes into account both the atmophere areas wherein the phvloireoa appear, and the working

frequency. since he effects arm always selectv-

The lectures begin with a general discuision of noise and interference problems, of ditortons, and of chtaractenatron of the

transfer functions of cormunicaton channels. The the physical phenomen involed in the propagaton of radio waves are

invsogated, and thor effects on the vaioms types of modem ceomunaion systems ore developed f.

Twospoo d tehoques, coanotbe dsoocreted fromn thesetopicsae then discussed first. adaporv systems, ther those

of tinse or space which, in the case of wdeband sgnal, ebht particular charactenstics. second, electronic counter measure.

(ECM, since these systems trolw synchmrecaion peiod, along with coding and ciphering

These lectures were held in Pans (France, in Rome (taly). and in Boston (United Sttcs), and they were receoved by f Cetre

National des Theommunications (CNET). the ltiaf i Air Forces, and the Rome Ate Developmmt Centcr/EE
r 

respecively

I am most grateful to these organizatons and that staffs for the welcome they gave to the conferences, and for the excellent

orsmnation of the ecepue Without doubt, the comfort ivea to the ad cesencouraged good diaogue wth the eturers

Finally, I must express my thanks to the AGARD people who. patiently but permanently, stimulated one and all in order to

ensure the right progression of this work.

Cioutelard
Director of the Lecture Seres
Editor

vS,
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Prkface

La bonneoquuitddesruuos . Hour sicunsti, ot toujous ie sto soucs pour Insopiruoools.

Au d&%Wtde sumicaions, on atrs rapildrmotowsasttquoklebrut rutitosqotanruufacour Suuut dottfolwt
so5 protW zLde rduir Is, gur do banudo sigloal modul t artdurileomaoseuourcuetdtouonepuvmtitu om
do I"~o d4&Wwv refcut ode rsusussors Oton do Hs modulation do frdquence, pus l Hdtsropposoout do Ia Mbono

* do Iliutottution out usousodririt qCp y urit itodoH itilesoro des stguuoux moduds

Eu prdsoco do caunut poaito. ritesout dusupectre prt no pas aor do ltmito. Dims Ins camos roots. con itdetouts, soot
Iniosts par us entsoumbto do pbeouousnu qut aittrut Ha fucuion do traoufot

Cote sine do court out coutsocrrd rosaisro do coo ptodousiss o ux tucidoucos qutils out sur Ha transumission dos tigiuus

H1ta fatto orgaiosor cto prdsouttoo ou tonant compte. A Ho toss dos tour & Hunumospire stig doerost ptioooieo, oH do
frdquoocosuieooInosftots tut touijourssilocufs

Aprts uuo pieotoo gtsdoura do prollusos do bruit oH dos iotorfere=,ou dos ultitds oH dos ropresootations des
foucuiousotanfr doscutouu,ume, prdustotiou des phiuorniuos or do tours, cooieoces; ot faete pour twas too typos do
transmtissiou unties actoottcutoot Doss tochnsiques portiostiros, qui 00 pouvoot itrr dosoctsde dor aspects, sout ousuto

des aspects potiustrs, Ho socode coneouo to probttus dos outre mosutos dtoarouiquo psisqo coot systttuos dcositoot
dos pltuosrdrs syucbrotsuuorsdrs coduges qi soovrtrut au dluffroosourt

Crs oufdroocosout os Hists (rauco)i RomOsttli) oti Bostonu(USA) ou ont&6trspcirosot accodis pr o
Corm National d~tudo des Td~cootunicstucos, HArusdo do M~r Htattosue ot to Russ Air Devetopmsent Corner/lEEC

JistionstA rviiossorctcostorgiouiuesorlor prsonneH pouirlIaccurcdctsatorn quls out rdist6 conscuofdrtooettouecettosto
orgaousatioudotosrrcoptioo Nut doutr quotoe "ort dtosueo tsuuditosrrcsoutditdpluiesoifavnscdtouelet diauogso

qut 5*sstalo ostro =s ct too coufdrounrs
Coomment pourri-jc otioir do roosrcicr tosts Irs colligurs qui out occeptd do cousacror uno port do Hour temsk It "ciumo
ott HoI prdscroturrou do Hosrs coldteuces

tdrs rotorroots Yout Wonu didromosnt ass persouris do EACARD qui out. ao ono patiosto mats porrttt
sotticittoo, stmi n uss ot tIn sutros pour abottur a0 boo dorsutoosrut do or trsvail.

C Goutotard
tDiretosr do Ho Lecture S-sr
Editrur
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Most radio cosmaunication systems bleng prsently introduced or under development ae digital syste=s Depen-
dint on the transmission bandwidth relaiva to the Information rat.. such systems can be divided Into the
class of narrow band systems and the clas of wide band systems The lectur bas bhe final aim to work out
In a tutorial way the advantages aide band systems bans to otter under adverte propagation conditions In
th )sctuot, after an introduction to digital information transmisaon. digital aide band systems ae defined on
thn basis of the used traasmiaaion signal forms and ace compared with narrow band systems The need fto. the
application of wide band systems Is pointed out referring to Information theory, with the resistance against
nIse and Interference as well as the capabilities of multiple access and selective addressing being addreased
Different types of aide band systems including spread spectrum systems ar. presented The quantitative
treatment of propagation problems In narrow band and wide band systems due to tiae variant multipath pro-
pagation a. tackled and the potential of wide band systems In combatting propag.tlon effects Is shown It Is
explained that properly deaslgnoed spread spectrum systems an less affected by muitlpth reception than
earew band systems

Moat radio omaunlcatlon systems being presently Introduced or under development are digital systems Also
originally analog source signals as for Intance speech, picture or telemetry signals are - after A/D
conversion and source encoding - preferably tranamitted In digital form Compared with conventional analog
FM or AM radio communication systems, digital radio systems have a number of advantages Peliability and
stability of system behavior. high reslstance against noise and jamming. tolerance of multlpath effecta, system
fiaibility doe to easily modifiable system parameters, fast and automatic adaption to chnging operation
scenaroa. and cost efficient system implemsnatlon by aodern microelectronics and VLSI Also sophisticated
features aa g multiple access and selective addressing capabilities can be readily achieved by digital
means Digital radio communtcatio techniques are eg applied In radio relay systems, land mobile radio
systems, satelilte communication systems. H? communlcations and Q&R IFP system Even for future public
sound broadcasting. digital systems are under considaratlon

Elemenuary characteristics of a digital radio Pommunlation system ara the Information rate R and the
bandwidth a of the transmislon. The unit of t Is bit/s The unit of It is nz Within the scope of this lecture
ths di.erence between narrow band and wide band radio communicatlon systems has to be worked out At
first hand It is obvious to rely only on the bandwidth B in this consideration However. ths absolute
bandwidth P has always to be seen in relation to the Information rate R. and therefore a more adequatv
criterion for comparison Is the quotient

b " B/i (1.1i

which is termed spreading factor or bandwidth luxury of the system, or the reciprocal value i/b which Is tsr-
msd bandwidth efficiency, Systems atth values of b near unity an considered narrow band. systems with va-
lues of b conslderably larger than unity are regarded as wide band There I. no siarp line between those two
classes A reasonable minimum value of b for a system to be considered wide band would be for example five

The transmission medium In rad'o communications Is the attaosphere or free space In contrast to guided
transmission via individual coaxial lines, waveguides or optical fibres, In radio communicatlons different
communication channels using simultaneously the same frequency band cannot be perfctly isolated from one
another Therefore. in a given spatial domain each radio frequency band cannot be used by an arbitrarily
large number of users The number of --. s has to be limited In order to avoid mutual .nt,ofrence As a
consequence of this limitation and o the restricted total number of technically exploitable frequenoy bands,
radio communication systems should sork with as small spreading factors b as possible Thi tendency towards
narrow band systems would also offer the advantage of relatively low cost system Implementationa

Despite the quoted arguments In favor of narrow band systems. wide band and even very wide band radio
communication systems are frequently used for the following relona
- Unlike narrow band systems wide band systems open the possibility of redundant communication Redundancy

permits resistance against unintentional or Intentional Interfering signals Also interference by simultaneous
signals a. yatews with multiple access or slective addressing capability can be reduced on the bast of
redundancy These facts result froro Shannon's information theory /1/

- rot a given transmitter power, wide band systems produce less power spectral density than narrow band
systems on the radio channel Small powsr Spectral density is advantageous with respect to low probability
of intercept and to small disturbance of other services

-In radio channels with frequency selective fading, properly designed ide band systems are lets prose to
degradation than narrow band systems because the signal Is simultaneously present at more than one
frequsecy

This lecture Is conored wlith tie definition of narrow band and wide band digital radio systems. with conol-
deratlone on the need of wide band systems and their advantages, and with the impact of radio wave propa-
gation conditions on narrow band and wide band Systems AS a basis for the following lectures of thl series
it will be explained In a tutorial way to which degree wide band systems are suited to overcome propagation
problema To reach thes. goats. In section 2 first wide band systems are defined more axactly on the basis of
nhe used signals. and these systems are compared with narrow band systems In section 3 the reasons for the
need and application of wide band systems ace pointed out In section 4 various classes of wide band sysetes



Ilding suread spectrum systems ame prsstnt.' od dCompared with respect to their advatttages and short-co-
mings. Section 6 finally coneri. propagation effects sod the advaotates of side hand system$ onds- mali-
path ptropagation Conditions

2. 811"W5 In dlittall oomssonictilln Systems

in this isttrs it is Absumed that a Contieuous flow dr information from & mmoag. soorce of hit eate p5 haas
to ho traromittmi. sod that this fiow of Infoemation !A suhdivided Into bloch& of Ki hit each for trasossion
'Mt. considerotion of systems with Mon-cotioqoos fow of tnfocmation or with non-hiockwiso transmission
would nt offee hasicaliy different Insights Thred'fte Soch systems -e not coesidered Mstom-s
elon-iohwiso transmIssio as encountered for enstane In Convoiutional coding /2 or in'trellis codedd
moduiation /31 Con ho Considered As hiochwite transmission with . very torte hloch iength The total nuaher
of different hlochs of length It hit Is

Therefore. this hind of hiocheiss tranesission Is termed 5-sri Eaoch hioch ha. the duration T. sod with t;.e
hit rots Rh on* ohtain. from (2.1 1)

To .. th of th M5 hlochs a symbhol Ht from as 25-soy set

It s (II... isI) (2.1. I)

Is assitnad Fig 2 1 I shoes the hasic structure of an 15-Y communication system In so irformation
theoretical view Each symhoi Ht from the messge source Is fed Int0 the system sod trasmitted to. a messe
Sink At the sinh the Symbol lPt arrive& AS SYMhL

5, (hi.. his) . (2.1 4)

In Ohs CA". of an trror free trasmission always

Is i (2.21.5)
holds, Neal comunication systems do not woek without errors, and (2 1 6) may sot he true Th. hehavior of
es Communication sysems can ho dscribed hy a transition diagram according to Fig 2 i 2 silth the

Conditional prohahilities or transition prohahilities

' (hblia) ProbhIE Wil h5 
- be5). .*, , t.... (2.1.01

10 the special case of erFrfree iasiso

p(hgIh.) ( ic 2.1.7)

holds
As an ohvious demand on real Communication systess the transition prohahilities p(hkIhbm) should he as ciose
to one as possible for ki equal m. sod as ciose to zero as possihle for h not equal in However, this demnd Is
not very suited for system evaluations sod comipacisons hecause It is related to the Individual trar,tltioo
prohshiliitis and therefore many parameters have to be considered if IS Is lsrge More Wotahia for such
purposes is the global criterion of symbhoi error prohability ?e With the a priori prohs1iiitIe.

no - roh~st - be),.a - ..8 (2 .1.8

of the Individuai symboes ha. Pe is ohtained as average value

to e5  -pisihi.2 - ~ pih.1h.i (2 1.9)

of the prohahility' that a symbhoi error occurs tn the case of error fie transision. Pe equals zero 00
accoant cf (2 1;7). The & prior) prohshilIties 0., see typical of ihe considered .e.-g. ouce to the case of
equally prohahis symahol

is valid In go..ral. the Infornation rots R of the motiage souccet aed of the transmitted symbhol. li diffos
from the hit rate Rh The equation for R Is /4/

Ths s quation shows that R hev os maximum If all rn equal I /M, see 1 10). ehich wiil he assumed in ni
f'oing Sections Than ilil1t tnhs 155 fuorm

I - Idis)/ . (2.1.12)

sod the Information rnte Rheomes equal to the hit rats Rh ise (2 1 2)

-esdo& ths characterization 0f Ohs ronnuoication system hy ts symbol ecror prob~ability l'q accordiong to
(2II A8). ai" the ioformstio theorstIosi aurs overage mutual Information. equivocution ard Irrelevance
ean ho need no this Purpose /4/ The avecage mutual icformastion Is the average amouot of Informuation nhich
th, received symbols 

11
r provide about the transmitted syrmhol$ lit The average toltual Information Is given

hby
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1(111 likils.w Id ( 2.1.21

I. lb. case of srorinc rtalaslon (2.1 7) can ba slibitotd Into (2 1 13) -1d comparison of th. reslting
*lP?.hmion with (2 1 11) shows that

IItgrI - it (2 1.14)
IN valid In .11 *the, c.-

bl.The equivocation i. lb. loss of information by nt.e transmission and eqnals

ill'er *t IPiklbs)na Id . 12.t.1.

Thel*ayI. Nao! of lb. IrelevantIlnfornostion at lb. system output nd equals

Iiga1  I K'bxibsina Id ( 2.1.11)

Inac~n2 Ilb. .Cn I!,.an .,lo baa ban. conatldton Oh a0 bstract lnforftalInheboreiclys bbsla If
lb. symbols N1 bav. 10 be Iran.Nill'd [A lb. real world. a comfunication medium and Information carrcln
sultod for this medium at. n-d4 In lb. case of radio tranasmiaaion to be conidered In tis letre. lb.
medium Ia fre. sace. and lb. message carriers am. electromagnetic bsnidpeaas sigoal torma

of duration T wbicb bav. In be specified wben designing tbe Nystem Witbout restriction of generality It Ia
assumed tbat lb. time range In wbicb lbe signal forms suit)l do no1 Identically vanisb reaybe. from -T/2 10
T/2
Fig 2 2 1 abowa lb. yonrlllallon of lb. basic communlceoo System of Pit 2 1.1 Into a pltylol radio

commoillton aystm Tho message scumy feeda. haymabols N1 Into lb. transmitter wbicb asign. to eacb
symbol a baodpa.. signal formn frnom lb. ael (2 2 1) according t0 lb. Mi.

It - be : St III - swlli. (2.2.2)
Tb. N sign-] form. alt) sould differ N. widely a. possible frost ono anotbr If appropriate criteria ans

to lb. reciilyer Tb. tabk of tbe matter Is 10 esiateal lb. trnsamitted symbols from tbe received signal as
reliably a. pogaibi. also In tbe preance of Interference signals n~l) and signal distortions do. 10 non Ideal
Propagation coodiloons. ond t0 pas. lb. symbols to lb. message ainb
wben apeyifylng lb. sil of signal forms ISItI null

11 
a theoretically unlimited variaty (a at disposal. witb

lb. determining elements of Abs signal fornt being tbeir pbaase and amnplitude cbarayteristiy. In practice Ilmi-
tailors of hi vbarit h011ay. 10 be accepted Sucb lihitations result from restrictions on lb. avalable band-
Widtb and trnsmitter power, from lbe desl., of low symnbol arror probability F.. and from lb. demand of
unompicated alfnal generation at tba transhitter and of low cost aignal processing at the reyolyer Tbe
limiations lead to alynal form. .wmn bt aving specific pbase and amplitude ybaracteristics
For eacb of lb. signal forma of lb. ael 11(t sl~t) a Fouriar transform

T/2

.* J .(.-~ "'i dla-I..n (2.2.3)
-T/2

exist, Witb rapect 10 lbs roorlor tranaforms am(f tbe definition of lb. aignal form. omit) aa bandpaaa
aigna form. th0sIat .bfbea I rayno ba on-vnihnls g valus only In a limit.d frequency yang,.
.l1b lb. Width of tis rang, being muyb smaller tin lb. absolute frequenyy valuea of lb. rang. Sucb a
Ilmilod frequency rang. to tarmed bandpasa range Tb. temporal limitation of tba signal form. ara~l n arang, of duratin T enniodas tbeoretically lb. slmultaneos limitation in bandwidtb In practice tis
contradictin can be rnasqnd by conaldern valu. il(f~l balow a ... lain limit to be ner
Eacb of lbs sltrml formsamt occu oypies a bandpasa rant* Fm typical for tis signal form Tb. union range

F - I Fa(2.2.4)

of all N bandpao. ranges F0e Is lb. bandfasa rane ocopied by lbs iat of aignal forms Is1(11 aN~tl iIn
total Tb. baodpaae ranga F baa equal eldtl N n lb. dyomain yf positive and negative frequencis Tis width

tha r ed b bandwidth of lbe st of sigoa noa 5(1 aWili Ac , xciple Fig 2 2 2 sbows a specific
c. natihon of tb. bandyaaa rayges Fm and nf tb. total bondpa. rang. P of widtb B In tis example lb.

Indivydudlsinali form. amill ocupy disjunctive but adjoining bsndplse rango. F.
An already sates In section I an ibmportant parameter of tbe communication system is ibe muotient of band-
widtb N and information rate R wbicb Io ternaid sprading factor b, aea (1 1) Narrow band system bay. amal
v luna of b. nide band systems bayes arg avalues of bo For a giver symbol duration T Ibe loner limit nf lbs
b:Odeldib 5 1. reacbed If all aignal fnrms ar, ainoldal aignca with equal frequency to haod duratin

10 2/go(2.2.5)
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which differ only i. their amplitudes e,

.(t) - rct( fa'co.(2efot), . - I-.... (2 2.6)

Fit 22 shows the Fourler transform

.I *Intfoif stal T(leted I 1
felt) - - - ( ... ) 2.2.7)

of Such a sinusoIdal Slgnal It 1. evident that a reasonable deflnitlon of the bandpass range Fm Is the range
of width

Ba - 11? (2.2.8)

m Irnod lv FIC 2,2 3 boaus. mee.t o the c.ergy E. of the signal form am(t) IS contained in this range The
handpaus ranges of all signal ftns of the st (2.2 6) or. Identical and equal to the handpaau range P of the
set of signal forms (22 8) Therefore, the bandwidth of the set of Signal forms according to (2 2 6) Is

a - lT. (2.2.9)

In the case of equlprobabl symbols HtIth1 . hit the spreading factor

b X lif(t). (2 2 10)

I ohtained by substituting (2 112) and (229) Into (I 1) Th. at of signal forms (226) I an example in
which b decreases monotonously with fincraaing M

An example of a set of signal forms with larger bandwidth are the time orthogonal signal forms

a(t) mt cot -- -2cos ot). I ...0 (2.2.11)

The bandwidth of this set Is V times the bandwidth of the narrow band set (2 2 f) because the duration of
the non- nolshlng portions of the Individual signal forms Is shorter b) a factor of M Therefore, In contrast
to (2 2 9) and (2 2 10)

a - 51T, (1.2 12) and b - S/Id(S) (2.2.13)

hold Th set of alnal forms (22.11) ff an example in which b can be made arbitrarily large by IncreaslnI M

Breides the spreading factor b another parameter of the sets of signal forms Ial(t) am(t) which is Important
In what followa Is the time bandwidth product TO The time bandwidth product of the narroMw band set (2 2 6)
.qoala on*. the time bandwidth product Of the wide band set (12 1ll equala f In general. from (I I) and
(2 1 12) the expression

T& h dill (2 2.14)

Is obtalned This expression shows that wide band gets of signal forms differ from narrow band set. not only
by a larger spreading factor b, but also by a larger time bandwidth product TB However, the quantities b
and TB are In so far Independent from one another as one can still dispose of M

2.3 Vector #jiz2!L~gprbs#At6&Ion
A frequency f

o 
Is chosen In the center of the bandpaas rane F of the considered set of signal form

til(t) sM(t)l With this frequency which tan be considered as the center frequency of the system. and with
the Hllbort tranesform i(t) of emit) for each of the signal forms em(t) a low past equivalent

Vtf " SOtie j
2
sOt + jI.(te

" j2
,dOt' . . I... X (2.3.1)

caI be Introduced /6/ i(t) is also termed complex envelope of emit) By using M(t) the signal form sm(t)
n he represented as foles

sit) . B( eatfej2 t 5 * .... 2.3.2)

With B the bandwidth of the set 461it) MIt)), the Fourier transform

T/2

fk(gf J o(ti5
" 20

t dr, e " I • S i233)
-?/2

of Mf(t) doe not Identically vanish only In the frequency rnpe

If 1 8/2. (2.3 4i

Therefore. M(t) to be completely represented by equidistant samples I/ second. apart /81 With the symbol
duration 1, for ech of the signal forms %(t) total of

Ts (22 5)

-b(-T/2 S (4-0.5)/B), a - ., a - l...a (2.3.6)

is required (2 3 5) shaow that the necessary number N of samples i equal to the time bandwidth product TB
of the set of signld forme It would be also allowed to take a nuber of samples large, than TO However,
this over sampling would not improve the Signal representatlon In what follows N Is assumed equal to TB

The smpla Uen of the signal form am(t) can be considered as the components of a vector

. " (fV..., ). a * I...9 (2 3.7)
in un N dimensional space By thsl vector the signal form emit) ia described In all of it. properties Narrow
band sets of signal forms. I a sets with 0 small TD, lead to vectors with a smatl number of vector



nowpounta. wide bond sets tld to vetors with a large nomb*? ot vector comttonets

The eoetgy of the signal soteewt) can he obtained from the vector Ir. by te expmveoo

210 .. 1

Tke corresponding expession for the analog signal farm aihst) Is

T/2
f* , ( iti Stt. (2.3 9)

-T/2

2.4 Digit Signal reerratton and dittoml mea...sg dolilction

At fiest hand the represaion of the signal forms salt) by the vectora fm according to (2 3 7) Isa
emathetaattcal formatistm Hoever, thia repesentation has prucilca Importance tor the atgeat generation at the
transmitter ard for the demodulation at the receiver tf digitat meethoda hove to be used

The.1*0.1it fortes smit)tcan he generted by a circuit shown In Ft 2 4 1 The vectors & are recalled from
dtilta memory or generated on tine by applying generation algorithms It the symbol Stott. has to ho tran-
mcitled the real parta 

tm
Renl and tmaginary parts lte(ibenl ot the vector compenCts ymn are read out trom

the memory or generated and fed to tow pas. futers with limiting frequency 5/2 At thy otput, of the tow
p"e filters the rest part HelgMitil and the Imaginary pact mtttlof the romtplex envelope app-eybt
multilitcatton with the carrier oscillattons resi2wfot) and -sini2rfoti. respetively. and by additton the signal
tormsalmt) :a obtained The circt of Ptg 2 4 1Is5 a haaic digital transmitter

When dest ning a act of signal fortes taut).. saiti) of given duratton T. firt the bandwtdth 8 end thereby
the time handwidth Product TB have to he determined After this, concrete vatoes hove to be assigned to the
vcntor components tMen. Digital eystems are discrete vatted systems and theretore only a limited net of site Q
Is avalable for the cowponents tM-n 1

I.en- (t ... SO) . (2 4 t)

Hence, the determiaton of the vector components din con he split op Into two sepe Dietermilnation 01 the
set (2 4 1 1 and asstgnment ot the values liti ggl to the vector components tttn. Although these toep. have
to he govereed by the Individual sysctem requirements, there Is enough space for the creattcitv 01 the system

At the recetver the vector gm rae he obtained from the signet formsemit) by the circuit sheen In Pig 2 4 2
At the Input of thia circuit a bandpas fitter eliminates Interforoncs lying spectrally outside the hoodhss
range P of the set ot stgrat forms, see (2.2 4i The center frequency and bandwidth ot the bandpass fitter
equal the corresponding quantities t0 and H of the set of signal forms The received signal form .miti is mut-
tiptied by the carrier Oscillations 2nositvtoti and -2oInitwfot) The products are flitered by toe pass fitters of
timiting frequency B/2 This process calied demodulation delivers the real part Heigmiti sod the Imaginary
Part tIMIti) Of the comeplex envelope tubaequent sampling every I/H seconds gives the real parts Re.19-1
and Imaginary parts Ittijteni o1 the vector components Mua Prom the vector comeponenta the transmitted
symbot Hil Is estimated by the message detector The circutt shown in Pig 2 42 t. a haaic digital receiver

The circuit ehown Ir Pig 2 4 2 functions only It the carrter oecillation as available to correct phase at the
receiver This situation Is -armed coherent rocplon Tb. other situation 5 the ltooerent reception which
wi not he considered In this lecture since, except for a more complex circuitry, no fu~ndamentallynn
aepecte woutd he toothed

3. Need for aide hard systIM

The predominant reson for an erroneous estimation of the transmitted "ybole at the receiver Is an additive
Iterf*MRto sigonal which reachs. the receiver Input neeidsa the desired signal Such so Interfering signal has
the effect thao the demaodulation yielda instoad of the vector &m a vector I which more or toe differs froin
16, deponding on the intensity and other proertis ot the Interfering signal Juat tiha the desired aignal
fvrm. s. the tnterfering signal yaw ha described by an equivalent low pass signal Demodolativon and
sampling of nit) yield tbe inrtrewn. ctoi,

I iq(0j... pzi . ) iii)

By adition of the desired vcter 1m and the Interfering vector 6 the received vector

Is obtained The message detection circuit has the tasb to estimate the transmitted Vector reas ~iably as
Posibt: from the received vertor f The vector components Rimo can onty attain discrete valuea ott of the
set (24 1) The vectorcormponents Dn of the Ivterference vector ft ame to general continuous vatted Seone.
the components ya of the received rector f are also contintous vatted The estimation of the vector #im from
the received vector I tcan he peformed In ten different ways /2/. One way Is the case of hard decision In
whiob upon reception of each componet Xo the underlying compMoet than I-istnuedistety estimated, I e the
transmitted vector 16 Is estimated component else. The other way Is the case o1 soft decision to which the
eatimation Is based on the simutaneous canaidaratinof0 alt vector components Yet. nat N to what foliows
usally soft decision is prusupposed which gives a tower sytmbol error probability P9 than hard decision
The Interfering signal ait may be detenInistit or stochastic It moy also conaist of the superposition ot
deernistic and stochatice partial signals Determliitic Intertering signals aMe 6chatelied b) ths fact
that they are pre-otrmlned In thair total ron and bann are absolotely predictable Therefore It is posible
at least to principle to eliminate deterministic Interfering signals by jtat stbtracting them from the total
reelned signal Consequently, from an Intormation theoreat point of view, dotermivietlc Iterfering signalsare no real Iterfering eignas In wat follows thselmnto of deterranisttc Interfering aignala Is always



assumed so that only stochastic Interfering signals rsmaln and those ae termed n(t) it Is further assumed
lbat the Interferlng sltal Is tatlonay Under these presupposllona nlt) can he eharacterled by Its powee
,2, Its probability density functlon prne and Its spectral power denslty Self1

The probability density function pn(n) end the spectral power density Sn(f) are Independent from one another
A frequently ocurring probability density function Is the Gaussian distribution

P.lO) - 1 e.p[-.2/(2.2]. (1 1.3)

An important exempie of A speCtnal power density is obtained if the Interferer power .
2 

is distributed
uniformly over the bandpass range F In this 'ase. with

N
0
12 - 02/121) (3.1.4)

the spectral density
Co f-fo l~o

talt *- (ren [ ret . .... 2

Is obtained which Is constant over the bandpass range ?

If pn(n) and Sn(f) obey (3 I 3) and 12 I S), the communication channel Is designated at additive white
Gaussian nolse channel (AVGN) This type of chnnel Is presupposed In what follows In the ease of the kWGN
,haern.1 the noemponents Sn of the Interference vector g and therewith tie components n of the received
vector 2 are statistically Independent quantities with variance 2e

2

By referring to the expression (3 I 4) the Important conceptions of power limited and of non power limited
Interfering signals can be explained The criterion is where the spectral in band power density Noi2 origina-
tes from One possibility is that No/

2 

comes from one or several Interfering sources having an available total
power n

2 
ehlnh is spread evenly snross the bn:pass range F of the system This Is the case of power limited

Interference In which on account of the nonstnt e
2 

the spectral In band power density No/
2 

is Inversely
propotioal to S No/

2 
may also come from aver) broad band source having a spectra power density No/2

eithin . bandwidth much larger than the norsidered system bandwidth B This Is the case of practically non
power limited interference because on uccount of the constant No/

2 
the in band inlterfering power o

2 
Increases

nontinuvisly wlith as long as 8 is smaller thian th Inteforer bardwidth

Power limited interference Is to be expected In the case of unintentional or intentional man made Interference
which noses frot a limited number of radiation sources Each of these sources Is power limited on account of
limited primary power and limited maximum power of the transmitter amplifier Exampies of non power limited
interference are thermal noise and man made broad band noiso coming from a multitude of Interference sour-
eel as e I sIentrical machlnes, motor Ignition systems, Ot In reality always a combination of . poser 1lmited
interfeeing signal of power e,

2 

snd of a non power limited Interfering signal of specle.l power density No/2
hbes o he taken into account Consequently, an increase In S pays only In a remarkable edictlon of the total
spentral power densit>

N
o  

.,2 .o

as long a3 the term q,
2
/(21) In (3 I 6) Is not considerably smaller than Me term o"/2

Buth In the nase of power limited and in the case of non power limited Interference It Is not mandatory that
Ihe spectral In band power density Is constant As compared to constant in band power spectral density, non
constant In band power spectral density renders the theoretical treatment of the interference situation more
diffinlt and may lead to different values of the symbol error probability P, However, from a superior point
of view, the cases of non constant and constant In band power spectral density are not essentially different

2.2 asolnuIm Ilbelbhood d 3 .rli.y

The optimum strategy to estimate the transmitted symbol lt Is the maximum likelihood principle /2/ In order
to apply this principle the nonditionsl probabilities p(w t), mel M, are needed The probability piAli) is
reated to the probability of the evant that the vector gm has been transmitted If the vector hes been
received It at the receiver the set sl(l aM(t)), the probability density function P

n
(n) and the spectral

power density Sn(if of the Interfering signal sre known, thl probabilities p(mig) arc also known

According to the maximum likelihood principle the decision at the neceiver has to follow the rule

St " ha, if pfoslri pi .ifi toe all a' 
4  

(3.2.1)

(32 1) reans that the actual received vector 2 has to be inserted Into all MA probability functions pi1mi)
and that this symbol hm Is chosen for which p 1,l) attains its maximun AS will become evident later, It Is
advantageous to transform (32 i) by help of the Bayei rule 5/ Following this role sand substituting ,m for
p(iO). see 12 I Si,

, (4.1f) pill - 0i2iG) P&Ita Pitijsirs.a , I ..M 2.2)
is obtalred where pifl1) and V(2) art probability density functions From (3 2 2) follows

pi(WO - l1 j-1ip'e fl, . 1.. N () 2 31

Substituting (3 2 3) Into (3 2 1) yields the decision rule

plfi ,le
5  

plFIs.,)..

St - ha, it I - Ion alt a 4 a II 2 41

or, after simplifying by p(2).

I
t

* b h ,If PI I PFfiFz)ies' ton al .a , a 03 2 5)

he decision rule (3 2 I Is equivalent to the rule (3 2 1) However (3 2 6) has the advantage that In the

form of the conditional probability density functions pl(2imi tle Influence of the transission channel



becomes Iusedistely evident. and that the R priori probhilities es can be Introduced

As already Stated In Section 3 1 with respect to the Interference, the AVGN channel Is assumed, sea (3 I 3)
and (3 I hi Under this presupposition the components yj, of the vector I are Statistically independent qeanta-
ties It is further asesmd that the propagation conditions from the transmitter to the receiver ae such that
the etpectation of the components yh equal the corresponding components ten In this vase the channel Is
termed menoyless In what follow, the memoryless AVON channel Is considered Regardint the massate to he
transmitted, equal probabilities a

m
. see (2I 1 O). and equal ererlis

t. - 9 - coast, a - 1...t, (3.2.6)
see (2 3 8). am sasuned Under these presuppositions the optimum detection rtle (3 2 6) takes the form

It..e, ( s I b i . t. 1 for .11 .' , (3.2.7)

.-I Set

The received vector I has to be curcelsted with all M vectors I-, and the decision le Made in favor of that
h which gives maximum corroetion The implementation of the decision rl (3 2 7) leads to the correlation
detector, sea Pit 3 2 1
The optimum decision role (3 2 7) can he found relatively eeily A more complex problem is the determination
of the symcol error probahility Pe when applying this optimum rule Regarding Pe it wili be shown in the next
section 3 3 that wide band sysems offer avantage& compared to narrow band aystems

3 Adveetnes of I = and systems
Shee designigt an t-acy communication system the M vectors #m have to be determined, see section 2 4 With
these vectors the cross corrselatlon toeffieiets

T , a3 ... i, (5.3.1)

can b red if ali of the energies Um equsi E, see 152 hi. -em 1. ia proportional to the Euclidean distance
bs. een the vectors & and It, The correlation coefficients can be assembled In an MxM-matrx I pmm~l
This matrix Is symmetric. I .

P", * p.' as - I...M, (3 3.2)
and Its ln diagonal consists of ones only. IS

Pa. I' -- I . t (3 3 3)
The off diagonal elements have values in the range

- I ' "ma' 1 (3.3.4)

The more similar teo signal forms snlt) and sm(t) are, the closer to one Is thei r cross correlation coefficient
Oons The Creater the difference between two signal forms, the closer to minus one Is their cross correlation
coefficlent me'

WIth the inverse IfItm-11-I and the determinant detlipmm,
1
l of the matr I nPm'

11 
which are assumed to

exlst, and with a vector
-T - (...r) (3.3.51

the probability of correct detection of the trnsmltted symbol hi. I r the treslitlon probability ph 
lh i

), can
be sopresed as follows /t/

p•bnib ) 1 +/
plht.b , n/,a, _____ _ [del I ..

42r) ' fslpt f. f

enp[- lv ip,,-, #T ] dr
2
...dyM (.3.3.6)

Analog expressions exist for the transition probabilities p(hnl.sm), m-2 M The dimensionless quotient 
2
E/No

is termed slgnsi-to-colse ratio I(SR)
y ISobstituting the transition probablities p(hml

m ) 
from (C 3 t) and the probahllties r

m from (2 1 101 into
12 1 9). the symbol error probability

p t -I t pilhbh) (3.3.7)

1 obtained The expressions (3 3 8) ted (3 3 7) show that Pe Mrs not depend on the lndloldial structure of
the M Signal forms am(t) P. depends only on the signal form enerty E. the off daZoal element. 'm. of tie
matrx ipm-11 and on the Spectral power density No/2 In meos, ass a cioued solution of the multlple Inte-
gril In (3 3 6) and the analog integrals for ma2 M does not euJst Nevertheless, on the basis of (3 3 n) and
(3 3 7) Ceneral statemnts of the achievable Communicatlon qu lity depending on the system being narrow
band or wide band are possible
it can be shown that

I O fvc oll o' f dieotal es.nts Pe (3.1

is valid S/ OAS a consequence Of (3 3 8). all off diagonal element, Pom' should be made as omall en possible
in order no obtain a small symbol error brohahlllty Pe hy small of diagonal elements Prcm It Is srant that A

Phl. valoeu should be an c1oee as possible to the minimum valuo mnus one, see (3 3 4) In this case the



difference or Eocidean distance, hetrn any two sectors 16 and 16- Is manimum Hiowever. this nediavoc canhof Only 11.1tod ;uoct First. for th. average Vale* of ail off diagonal elements m-* always

tis vid 1/ Pence.. It Is excluded that aI off diagonal .oonts Pe-~ equal Wins one In the optimum case.
th o of nqoahly Is valid In (S3 9). snd all Orf diagonal element. equal

Hineoc. this opUN=. ease is osly aohiovahls If the Condition

is fulfilied. is If sufficieniiy many Components amo provided for each vector IA. and If the sot lIV, noi. see
(3 4 1 . . i roperly Choson /g/ A set of Signal forms for which (3 3 10) holds 1. called transorthogooslin thiis
latre the sector dimenson N equal to li-i is tormed tranonrthogionaiity thrashold Fnr a traosorthognnal t

of signal forms islit) sMit
1
. 130) and IS37) yield IS/

1., - I - I a 1 t ri (x/
4 

0 17p115n1i doit. i..i

Pig 3 3 1 shows the evaluation of (3 3 12) Pe veoosu 01 
1
-')'o Is depicted for varinus vaiues of M. It can ho

soon that, for fixcd values of V and No, P0 deceases nonotnouseiy with decreasing P ence. Fig 3 3 1
confirs the general statement (338) if ali off diagonil elements past an. equal. the set of signal fonts Is
termed a uniformo distance aet if all off diagonui elements pem- nec nero. tho set of signai forms is termed

For vt as of N mailer than K-I only ins. favorable combinations ea.n and therehy larger P. are possihle
the. inutho text given hy (3 3 10) sod (3 3 12) This degradation depends aiso n ths sloe and tho values of
the availahie sot 01I yQi, see (2 4 1) The folowing tendenty tan he stated The faclher N tiies helow the
tracaorthognnaiity threshold, the morn Ohe off diagonal elements Painm detsta from the Ideal vaiues (3 3 10).
and Po morn and worn exceeds the taluoo uivn hy (3 3 12) On the other side, If 0 ia chosen above the
traneorthognality theshold. no possibility exists to obtain more favorabie off diagnai eiements ftAm than
thos: given hy (33.10)
The foregoing tonsideration can he summarized as follows An Increase In 0 offers the thante of a larger
tclidnan dislsnce hetween Ohe M sectors jis sod therehy a reduction of the symbhol error prohahility Doas~
long as 0 is helow the trarsorthoaionality throehoid As noon A. 0 crosses this threshold, the situation does
not chance significantiy any more with increasing 0 Therefore, regarding the nit diagonal elements nPm, thn
maximum reasonahle talon of 0 Is K-i when N Is Increased the tNt which is neceasary to Ohtain a certain
symhol error probability Pe decreases as long as K Is below the transorthogoraiity threshold K-I The
decreane of the netessary SNt Is tarmed coding gain cS in the case of a uniform diatance set of signal torn.

holds, sc (3 3 12)

tent, the spectral poear density O/2 Is tonsidnerd If the Interference Is non power limited. 'iO/2 does not
depend on Ohs handwidth B, aod for a given donation T of lh. signal forns, O/2 does not dnpend on the
number 0 of sector componente either Even hy an arhitrarily large Increase of B and thereby 0 the symehol
error prohability ye cannot he nad. smaller than the talus ohtained for 0 equal K-i if the Interference is
non power, limited
In the case of powec limiied Interference of poer #

2
, the power spectral density No

12 
Is Invecsely proportio-

vol tn ins hanoeldth B and therefore to N and T8. sae (3 1 4) If N Is Increased more and more starting ftrm
anal) value., the coding gain cc can ha Intreased so long as N Is heiow the lcsnaorlhogonaiity threshold
Koreoner. an increaae of the ENS 2E/N0 can he staled on account of the decrease of N(c'2 with Increas.ing; 0
Thirs latter gain is unlimited with regard to 0 and Is lormed promsaairg gain Pg By inireasing the handwidth
O more and more, In Oh. tase of power limited interference the symhoi error prolz~olity P, tao he hrought
heneath ay hound

To suemarl. In tha tase of non powner limited Interference, handedih luxury pay. only to a certain limit
whlst iteioas Of poene l1ited Interference, handwidth luxury can heturned Into Interference reduction

itutinttosThe advatagno of wide hard systems consist In the traneformstioo of handwidth luxury
lolt Interference redution hy coding gain tg which reduces the required SNt 

2 0 0
No and, In the coee of power

limited Interference. hy an additional processing goa pg ehich rcduces 
0 2 

Ard thecehy Increass the actual

The ahove etatemno that in the case of non Power limited Icterference an Increaaa of N heyond the transor-
nhtgonalty thcehoid dones no% pay seems tn contradict Shannon's thannel encoding thsoomm This theorem
says that even in the toss of eon power limited interference channel capacity Increases continuously with
inrasig P1 and 0 This would Wuga ihl decrease of Pr Could be realized svan for talons of N above
the tracaurihogonslily threshold The contradiction tao be reaolved If one hoara In mind an important pcesup-
position of Shannon. theorem /I/ The theurem Is valid only If K growths simsultaneously with N which Is ntt
ohs case 0 the consideration. made shots where K is almed to ho invaciahie

jj4 Clases f wide band ,systems

A-tIAMMl slrg Ogyl ihtM q. sfsgnalfrmsa
The design of an K-sep radio communication eysten for givcn talons Of a and N Consists no a grat deal in
dele.rwiin a el Of clans) forms Iil) eail which, In the aene of their off diagonal eiemoia ,juni differ
as widely as possihle frin one Another Moreover. lbs aet of signal forms isliti SMitl has to comply with
further demands It Ie Important that ihe signal forms can he *asily generated at the transmitter ad e*oily
detetsd at bhe rec.e1ver,,with regard to Oh. ton-linearity of moat power auplilier, frequently esia forms

with , cos ano .oe0p. dnsired, In sotees which hate to oprta horwn fast noving platforma. aigral
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forms hvinig a low Doppler s tnvl~lty am desired. In systems with the apablltlss of multiple acess snd/or
:eleclive addessing a lare variety of signal forms of the ssate type ar needed ad bane lite, famtli of
signal. forms with good orolUon properties are intresting

For the detemination of sa gt of silnal fort, three different approaches ame presentod in what follows,
neasely classic algebrail oding. coded modulation and sprad spectrum moduiation

In the case of alebraic coding, the set Ill MiQl. .. (2 4 1). 1i mostly binary. I Q eqasls to and

Usually M Is rlatively large end N Is well below the tranorthogonflity threshold Conseqentliy. the band
spredlng factor b Is relatively smail and often it Is not Justifted to consider Systems with aIgebraic coding
as wide bond systems

Proms the binary 5t 14 2 1). M vectors .A amo generated by applying crtalin ilnear algorithms which guarantee
easy generation. Is enodi , snd. Above all, easy detection, I* decoding /2.7/ Within the frse which is
set by the encodlng and decoding algorthms. it vectors 6 an sought wiltl optimum off dlsgonal elesments
ft., In the ease of a binary st (42 1). Insled of the off diagonal elements pobs the Hamming dlstnct$ of
the vectors & can be considered p2.7/

When detodlng the received signal at he oelver. usually each component of the recalved vector 9p Is d.te0-
led seprately, I e hard desolal Is ppiW. '-4 fno the detected vector components the messageg Is ostima-
tld by algebralc methods /7/ As compared s.. optimum detection, I s soft decision and detection by cereals-
lie. this approach is only suboptlmum Honsr. on account of the lao. M optimum detection would require a
proolblitioly large eponse of circuitoy Algebraic coding provides also means against specific kinds of Inten-
fenooes which cause burst .vor., sod snasufs /7/ An xample of sn Algebraic code Is the (31,6)-Cii-¢ode
/7/ 1 Ithis example, 5 .q.1. 31 And M equals 28 Consequ.ntly. the bond spreoding factor b Is 31/6

4rI r.iled slodul.1tiin

In €ontrsst to the situatlon typical for algebral coding. now a set 4_1 oQl of larger sla Q is assumed As
5n ... mple. Q may equ I S. and

(0_1...4o.. 1 "~ *1..j(l-ls/5 ..- 14 1. (4 3.11

This Is the case O* 8-phse-PSK Por gin value. of M sod I. lb task to design the vectors S6 consists In
:s0e"lng the vector componenls Shmn from the et fil 1191 I such a way that again the off diagonfal
eements Point become as small as possible in principle, this task could be solved by generaling a large
varisty of $siS of vectors &. ml M, from the set ill UQ1 by Monte Carlo methods. and by selectlng the
optlimum set of vectors from this varlety However, this way of gsnsrating the sot of vectonms l would be no
systematic 0ld would have the dissdvsl.g. that all vectors o.m, m1 M, had to be stoned In a memory at
the transmitter. and that a total of M correlators would be necessary for message dstctlon at the receiver A
more favorable approach consists in constructing M sequences of length N from the Set I| uQ) by certain
algorithm, which guarantee acceptably small off diagonal elements ftm, By this approach whlch is termed
coded modulation. signal generation at the transmitter and message detection at the receiver can be consl-
dsnebly slmplifed thanks to the systematic proceeding Examples of this approach non be found in /3/

Sil, to syslems with algebraic codlng, systems with coded modulatlon have a relativsly lsgs 0 On the
uoeer side. N Is relatively smal Hence,. also the band spreading factor b Is rslatlvely small, and therefore
systems with coded modulslion are mostly applied aainslt 0on power limited Interference Because the set

(I , Is larger than in th case of algebraic coding, channel capacity becomes also Isrer /I/ Therefore.
for gln values of M and N, coded modulation effors usually a smaller symbol error probability Pe than
algebraic coding

,4 lread s'enTrom odulslo'
If. iI 0ontras! to lbs situatio wilh slgsbrslo cododed modulation. N Ia chosen far above the trans-
orthogonalilty threshold M-1lbs bond spreading factor b Is much larger thn unity Systems applying such an
eureme bandwidtb luxury soe tered spread spectrum systems 09,10 In properly designed spread spectrum
syslems lbs off disgonal elementa Pom' e close to Ibe opimum value given by 13 3 III0000Hnceloum

coding oln ¢g can be achieved which Is Advantageous with regard to both power limited and non power
limited Interf nee In addition to the coding gain ca. a processing gain pg is obtained which Is effectliveonly alaist oner limitd Interferenoe and wblcb Is usually ounb laeg.er lhan Iihs coding gain c

2 
Tberefore.

spreod spectrum system are especially suited to combat power limted Interference An approximate expression
for 105 processing gain Is the ratio of the actual bandwidth and the bandwidth required for transorthogon.1
10a0t051ss100 01th (38 lli Ibis ra11o beoms

p
0 

- b/(-il . (4 4.1)

In practical systems, processing gains up to tens of dB are realied /g/
* 1 spread asectus, systems tbo ssl tI <i is o01en bivary, bul lens libh 5 somewbat larger sloe are siso

usual Th. vector componentl imn are obtained by taking samples from the set ill 191 in a ys-odO rndo.
manner The pseudo rsndomns is often achieved by speoil olgoilnths imeented In feed back shift

* registers whinh bavs lbs sdvantage lhst lbs vectors to. nan bs geneesled al low sxpess Anobher apyrosob

is the computs :d synthesis of the vectors whch then are stored In digital memories

Standard exmpiss of spread spetress modulatlon are 0/1000 pseudo random Pil (0/180--p-S) and pseudo
t rsodom 001 (PO-MSt)In hr lb. nasOf O/10°=P-=PS1, l Sit 'lIi 0.9 is binary as I0 lbs example 142 ii )in

the l s of PN-MSK, the ualus il I191 are complex siued and uniformly distributed on the unt cicle.
and only specific sequenes of suh vslue re allowed Pigs 4 4 1 ad 4 4 2 show a signl for . S(t) Sld it'osveltn oumyonens limo for lbe nasea 0/l0O-pII-P Ki and PN-SKt, rsyectively lbs signs! fuouno salt) In

Pigs 4 4 Is and 44 21 000 -oo-bsndlml1od 10wever, nb, coreespoding bandllsltd sigol forms will be only

• -- -' .. ... | I II I 1 '. .. . .. . . ..
. , .. .
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slightly dlfferett The vsctr componeto i.. In Pigs. 44 b and4 442b Sea equidistant aamole• of the
equlvalont low pass slial forms lit) According to (2 3 0) With the chip frequey ft. In the caus of P01-1
th. bandwldth Bet

e 
and In the ¢a. of PMOO1 the bandwidth Bet 02fe l Assumed. Another eooapl of a~ooti

Spectrum aodol.tion Is podo radom frequency boppitg (M-PM) in this cas0 t* signal form. s It).

m1 M. M. inuotdal1 ithva freq ncy whith vIA". According to Pt Pattons within the slgnl forms (faot

frequency hoppin) or from signal fo- to signal to- (slow frequency oppn) A lo ge tn..l ,lon

bandwidth 0 0. be obtoned by hopping rlattvely slowly over & large frequency rane.

In Spread SP0trom. racelMro imoaeall detetion t, performd by correlation, Sea Alan pig 3 2 1. o .soe't of

th relatte y f111, V. A moderato number of aorfaators I. suflent However. be.use N I relatively largo,

tba exp.naS of the Ind1v1dul corralator is largo

0,1 Linoor two 000,Dat SOdl f 1h. rodIO rommunlotto htnnei000

In th. equivatent to. pass frequency rogo.. . radio - ."m otlo.I chate a be decribed by Ito Impulse

repone.. () and Its transfer function ill. Oea 0£ /G/ wIth the Carir frequency to and with h1). the

mpu1se reoponse In the bandp. fraqoe.ty rong. becomes

pOr) -
2
1t0(

1
.

1
)•2Wo

1
* e. (5.1.1)

The correspondlng exprossion for tho transfer f nction in the bandps frequency range to
t) - lt-fol 0 N*(-f-fo) . 10.1.a1

In tO. follo.g i.oltos always the low pass equivalents b(1) and lI(f) are used

02 tdeal radio communiSation 0h0004

Ideally the transmitted signal reaches the receiver antenna on a single time Invariant and dtltortionItes path
tn this case the Impulse response of the radio communication channel is

k(;) I Si r - Go with I 0 o0.t. o - 00, t. (5 2.1)

to Is the basic signl delay from the transmitter .ntnna to the receiver antenna I Is a simpe.x amplitude
-ool*lont which i: characterltl for the channel The argument ang(f) Indista1 the rotation of the crrier
phas. The ab.olute value 6 Is a measure of the alteration of the signal amplitude In hat follows

o " 0 15.2.2)

Is assumed This assumption doe. not retrct the genorality of the consideratlon. Inertilng (02 2) Into

1S 2 I) yields

k(') - J lM. ( 2.3)

The transfer functlon belonging to ths impulse response h(r) to

li) - I - Coast. (S.2 4)

The rt] radlo communication channel may conslderably differ from the Ideal on. /o 0 frequently occuring
dtffortne. Instad of A single path from the transltter antenna to the receiver anten, there exist K paths

which bioe different attanuatlon, carrier phase rotation. and delly. /I3/ This Sitution which t. Caused 0g
by rofaeoting object. In the propagation path Is tensd Multlpath reception The Integ.r K can be muh rger
than one

to the mot simple case of multlpoth reception. all K paths ar time Invarlant However. this case usually
does not correspond to reality wher the channel propertes fluoctote with time In what follows., first time

Invatolnt And then time variant muitIpith reception are considered 0urther Information can be found In
/11.12/

In the ooee of time lnvarltnt multipsth reception. to each of the K signal pcths a omplex amplitude

coefficient 1k, k-I X. and a delay 'k. k-I K. are attributed With these quantities tho Ipulase r..opo.

KI') " It . - l (1.2.2k

and th. transfer functiol

JIt) - . J*-fro"o 15.3.2)

arm obtalned In 1h. oxpr*sAtons (6 I) nd (6 2), again tho basic delay a0 h been set equal to zero
Therefore. the delays k, kt K, are the deviation. of the atual delays fI'o the basic delay lo

If the X path. are numbered In such a way tha the delays 'k Increase monotonOusly with k. the maximum
delay diffornce between two paths Is

TIt is termed multiplth spra4 of the 0.dl( conomunlction channel

As an ex(mple. In Pig 63 1 the Impulse response h(r) of a radio communictlon channel with seven plth.
and with

* 1, 0 - 1...1, (5 1 ) k/e0 " 2(k-l}, k 1...7 (6.3.5)

ts .hown With (020), expression (033) yields

ill- 12 M. 11.IA)



Pig 6 3 2 shows for tWisample the real part anid the Imaglonry part of the transfer funlion Hfil In thb
range 11 0 16111% It Can be 1sen that f(f fluctuates coIderaly with frequency anid tht the nto structure,
of (t) approtimately coropondo with th reciproal 0&05

tI/T - 0.081 111. .. 3,71

of the multipath spread TIN.

Th. f que-cy selective fluctuations of the transfer function (0 caused by u~ttpath rctptilo. give ri.e toamplitude and phas distortions of the trlooltoed signals if the signal bandwidth a Mods a Cetan lI It
Such distrtlons have to be token I-to account If the alit-I bandwidth 6 core. Into the order of the recipro-
Cal suittpath spread I tTM On the other s14.. If the signal bandwidth 6 I. far below I/TeI. (63 2) yields
transfer functlon M(ifl which an be consldered practically not frequen y dependent for this signal In this
fe th. channel I. t ed frequency non-lolectlve
The multitath reception Is i.s variant If the properties of the comomunication medium and the positions and
upect angles of the eflecting objects rolative to the transitter and recelier Vary With time This situatlon
Can be modelled by assuming the cosplo ampiltude coefflcient. h i (1. I) to be time dependent. Ia

k k(tl , k - I.... (5.3,1
By this dependence on tims 11.0 the effect of Use variant delays k con be Covered as long as the delay vo-
rioions ae 0u.1I In Comparson to the reclprocal signal bandwidth 1/B which Is asouod .n what fullo.,
Hene, the 

k 
Can be st coootaot a In the cue of non tlime variant muotlpsth propagation. On account of

(538). the IMPI30e response and the transfer function become time dependent, and the designatloon h(r,t)
and I(f.t) sm Introduced Alo th.. time variant quatitiles are aioted with one another by Fourier trans-
formation

I(flt) * J klt ; tie. T ir. I, (5.3.1) kilt) - (ft)*1
1. "  

df. (5.3.101

A . . .mple oml p e. - olnoaodl signal with c ton t frequency o+f. r<fo. and amplitude A I. fed into
the r410 €oamunication chonnel which t0 line varnt according to (53) and (63 I0) This signal ho. the
Coup]x . nvelop.

vot) - Oewl
6

'
t  

15.3.101
.0d the rourter transform

V[(il - 6(f - I" . (5.3.12)

The low pass equivalent of the signal received at the channel output taboo the foom

-It) - Sllf';te J24f't (5.3.13)

In the ht.e domain and

1(t) . -i .61 ;206Z[t -j~qt 4t (5.3 64)

In the frequency domain The expressions (63 13) and (63 14) show that in the ase of time varl,6t multl-
path reception . tranomitted unmeodulted ecrrier lgnol generally csue. . received sign.] eItA amplitude and
phase odolntlon If th. transmitted signal Is a modulated bandpss signal with complex envelope ti() and
frequency domain low pas. equivalent J(IM. the complex envelope of the received signol becomes

f~l} J ji k((st~tt - ') dv * - jil (ftlllltlo t df. is 3.15)

The correopeding low pass equivalent of the Fourier tranosfora of the received signal f(t) 1,

(~l* IKt).-21 46 - tj f lIOt)V,.1e
t
6I-f) do. dt. (5.61

dr .. 1" d*d-. ,

If the functions of time £klt), s0e 16 3 8). and the delays Tc
k 
are known., the received slgnal can be calculated

for any transmitted signal In a detereIlnlatc way In practice, usually the function. bk(t) are not known
However, If not too lare time Intervals are considered. the 1 l can be regarded a. stationary stochastic
quntiltles with known atIstic parameters This point of view will be adopted In what follow.
To 00Th of the quantities 11(c0) a complex time tovorlance

n<l,.,) * ,( k(t0rl(t - W), t - I. K 5.3.67)

eon be attributed Th. real val. aT(b.0) I. 0 measure of the overage Intensity of the sIgnal propbat.nt
along path number It The absolute value P(k.ot) of l(k -0) tends to decrease with increasing 1.61 The more
rapldly Ik(t) fluotuates with t, the filter Is this decline of pll(.,oll with Increasing 1.t Hence, the width of
pt(k.t) with respect to &t Is o messure of the fluctuation rote of the channel properties
A flrther quantity to characterze stochastic multlpoth reception is the complex froquercy croocovarisnee

g{(ltll r*lflIt+,t)(
7lltifIt -w) 

}  
1'(f .t... )I3

In what follows the attenuations and phase shifts of the path mtl KI and the path rtll K-, an4, ore
nmnued to be uncorrelatod This Is the cose of uncorrelated scattering In this cse, With the t)0e dependent
com pex nlitode coeffcoints 100) Se (6 3 8),

,y._ i



holds The expreession (5 3 19) Shown~ that, In the case of uncorrelsted scattering. ep(fi~f2..t) accor'ding to
(1 !8) does not depend on the frquentJi8 fl and 1 2 themselves but only on their difference

Af "I - l III )3 (5.3.20)

by subetlttlng (5 3 19) and (5 3 20).
I- . k.1l

*(.t;,t) . M K (5.3.211hy~~~~~~ ,,all~o ( Wil)lo 32)

K Tlht0)

k-1

Is obtained from (3.18) For vanlshing af and *t the value of ep(pf,.t) Is one This value Is also themaximum absolute alue Fp(,PfA0 of gp (*f.,t) It at Is kept eq%-*l to am* and #afl Is Increased. pr(a,o) nit
dercses., with a subsequent transition Into moe or less Iregulsr fluctustions Usually an expdlct -In lo.
of pp(6f.0) with respe.t to Af von be stated (321) shows that the complex frequency croscovarlaoeEp(,f at) and the complex time covarance ErT(k.&t) except for a normalization. are related by Fourier trants-
fo-atlon With regard to -Ir2 vK which is represnted by k In Eikt). the fonctions &T1k.at) cover a time
interval of duration TM, see (633) Tbhrforo, the min lob width of the frequency rrosscovarlsnc. p(-f0)with respect to At Is In the order of I/TM If TM) Is small. the fluctuations of flf.t) a$ a function of I ame
less frequent than In the case of larger TM
For s givan -f, the absolute value pp(af.t) decreases with Incresing tll and tends towards ztro The fsstarthe radio communication channel fluctuate., the faster this decline The reciprocal value of the width of
'p(Oit) with respect to At Is an approxlmation of the Doppler spread BO /11/ which Quanti.fs the spectra
.1dening of s si.. sig.l by the time variant .. oltipath channel The width of pc(ot) with respect to at is
approximately the time which e*Mpses until the properties of the radio ¢ommunitation channel have completely
altered The product

L - T056 (5.3.22)
of the multipith spread Tit and the Doppler spread BD Is tam~ed spread factor /II/ It 1. desirable that the
spread factor L Is small
A plausible assumption for the probability density functions of the complex amoplitode coffieets 10( isthat their real and Imatlnary parts are statistically independent Gaussian variables with zeo mean value and
with tho variances ek 

2
. k5| K Th following o..der.tion are based on this au-ptio, With

kit) " gar 
+ 
jAli, k - I...t, 45.3.23)

foi the joint Probability density functions of the metl and imaginary, parts

Pitr;tki) - I .---op[-(kA 0 i ) , k- l...K (5.3.24)

Is obtained Concerntng the fluctuations of the cofflclents 1_k(t) with time. a process with the two sided

spectral power density

S16 A 1 k rct( I) . - 1... (S32

Is presupposed in this expression N
k Is a constant which is typical for each k o is asumed equal for all

k Then

i o S
O 
N
k 
. * ' 1... K5.3.26)

holds Insertint 1025) Into (6 3 17) yields
atn(oi.ht )

,(k.-t) r ' o
t  (S 3 27)

By substitutiing -(k.at) according to (6 3 27) Into (3 21) on obtains

e
2 ~( 3J 2S)

wf( sa() 103 < 5211

In what follows. as so example a coenmuniation channel with X-7. Bo-o 6 khz and with the further date
shown in Table S 3 I is considered

It 1 2 1 4 5 6 7
12 1 2 1 4 3 2 1

e
5
/pe 0 2 1 5 7 11 I.

T e5 03 I Data of an exemplary radio communication channel

For this chanel Fig 5 3 3 shows the real and Imaginary Parts of fp(afO) versus af It can be rotognied
that the osln lobe width of e(lf.O) with respect to af has the order of the reciprocal sultipath spread



I /Ti4 O 063MHZ Fit 034 a' .we for th. 0... chann.l ff
10

.00) as a function of *0 Purely real -.1.0 Ao.

obtained It "Ao be stated that th. recipocal value. of the width of gf)O 04) with respect ito 0 10 on he

order of 6.00.kz tn. the bandwidth Do In (603 25) approximteloy correspond. to th. popplor spread Do

6.664 ~ ~ ~ ~ th eqlon10 ).4(3)t.o ot~n low pan0 M0d.l shown In Fig 6 4 1 can b6 established for to.
.lpth red]o communiction Ch.nn.l This model consists of a delay line wth K top&. Of K bmultipliers nd
of a .- Ing40 device. Th. distance of too II top. fom the I0pu1 of the delay' lint corresponds to the
VPropqtoa del&"S ft, kn) It TO. .oltip)). multiply' 0th. top sitoals Ith) 0he omplex .,n M~ode

oatfile.to Isist). Th. summing devic. add. together.11 KI Products0 Th6.4 Model Ihon 1.FIg 6 4 1 1. .)u0
vu.t. transversal f1lter Th. Input0 of muIlpath propagation 0m, the transmitted signal foesn.. 3.10t) is

30)b .. ov.1)ole 60 the receiver Input
In stlon 5 00 t0he. Dopler&0M4 Up of the radio communatonoOo c0.00.) 0.0 beoo Introduced Th. larger 00.
Doppler spOrd Bp. the M00e rapid thn flutuations of 006 Parmesanr of the transversal filter if the duration
T and the bandwidth B of 00e 0.0d signal form A ls60 t U.( (01) fulfill 006 condition.

T0 (( ts (6.4.2) *04 a it so, (S.4.3)

0h. .. lu43.10 parents-60 of 0. filter can be cooold1rd constnt duri0g th00 .onIntlon .0 a t of .0hsignt for., 0'0) Therefore. 00e time variance becoms Manifest only I0 a 00.0:. of 00. filter paraffeters
from signal tof or 0) natorm TO. time variance Is caused by movements of th. transmitter. of 00e rec010.r,
of is81.0i10 objects. of atosphere layers ot. Those pocesses 0am relativly slow, a4nd a.001 resoal aium
value 06 603, wolb bokn. On the otherside 0nmoen60muictonsstm frequently T Io
considerably below I a and p It coniderably lot.er 0060 I 000 Therefore, the conditins. (6 42) and (0 43)
an0Assumed to be fulfilled I0 30a1 follow. If thton 0dliti0 on 000 notflled, th. transmitted signal fom
am0 Itnomd b3. the 00.00.) t00o scan 000000 that suconsnfull d.0.c0)on at 00e0006)000 Is scarcely possible
Be.ide. the Doppler 060064 O. another Important global parameter of th. 301016000 channel It the mul)0)6.00
66rea4 TA(. se. (0 33) With retard to th. c0.00.). a 060 of signal forms 481(t) .,) wthol bandwidth 8 cao
06 classified as nrrow b.04 0or4 0.04 bnd conlin)o 00the followng criterion

I 10 11?) - n0r0- heod (A), IitI/i- nid. bond (0). 15.4.4)

Snto of signal fornm. which fulfll one of 106 0004)0)000 (04 4) ar6 m04)00 band 6016 In what follows, th.
*aplt 0000 0.04o ba04 and id004 066es an0 0000)4.004 101. t onsideration It I. ass03ed that th. 0036)00
Amplitude coefficients Isis) or. "ero moo0 Ga006)an variables according to (0 3 243 and 0000 all X coefficients
10l) hnvo equa~l onolone. I

k - .. 1.(.4.5)

The interference Is As.umed t0 0600 0006000) tw0 s)4e4 sp.00ra) power density' NO/2 within the 0.0466.0
0001 P Of thn s60 of s)g0a) formst (a

1
))) SM)) 004 to be Gaus,1a0. nen (3 1 3) 004 (3 1 4)

In 006 06000w 0.n4 cast. see (S044.), all K 0ap signal. In the fi)10, .00w0 0n rig 04 1 are ponoticolly equal
and ca0000 be Individually Identified at the filter 000600 Hence, the aproximation

1,10 - rk - %(0 (5.4.6)

Is adequate. SubstitugIS (401)000t (04 1) yields

* I j 8,)). 1.4.7)

It, i to e 1 sents, of 060)30 dettion. vym)0) 1. correlated with y.10) 60 th. receiver. 6 00006361)00 signs]
having power

6 K J ia 2:(t) at10 40 *
2 

. 11. k i 2(.4.8)

-T/2

Fsota04nd 1it 4 th) fo of th siga omoi) e 230 htpwro h nefrnea h

T121

N a.Ill) 020600 If 02.. 10)f
0

(5. .160)04 ~ 0 4 0) 00406o I00.

-0 01.1.T/2 6o. 666 043v0.) 00.06.0640400.1 600 6.10S

From (S 400 
3

) nd .6 0p9) 06folow the SNRlco f 00O ool~d1 )*4fr.~

1,~~ I2 21WI 1
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24$- -!S2%, i5.4.11) 554 74071i gill,.K . (5.4.12K

K.Kswide band cas. *as (684 4b). the simplification (6 48) Is no lnger allowed Te~ns b lniin
at the"Im t I~enput IS

If the signsl fa.. limit) is tranasmitted In the wid, band cast exists tbe pnssibility Ku Identify Kbe indicdual
tup signals at tb. fit., otput by properly desined receivers. and Ku enplnit Ibis knowledge Ku combat
degradati on due t Kulntipath reception As a basis for such an Identification. tbe actual channel Impulse ns-
puns h(,i can be estimted by sounding signals /14/ It Kbe actuai channel Imspulse response hr) Is bnown at
tb. receiver the receiver Input signal yAit). In Kb. sots. of optimsum detection, cuat be correlated with Kb.
etucK reference. In practle., such a recelv.r may consist of a banh of matched filters for Kb. signal aon,.
imsit). metf M The output signal of the .5-tb matched filter has peas prnpnrtional t Ku Lf at Kb. time.
Instuntu eI TK It the signal ymit) acnording In (8 4 13) Is received We gt at optimume detectsr for a mnulti-
path radio cnwmunicallnn channil by samspiing tbs nutput signsl forms of the If matched filemts1 the fie
Instant* 'If. r. by meultipling those suapieS with LI* Lg. and by calcuiating the sumso utKhose weighted
smppm to obtain the tots) cnrrelation signal Inch a receiver hs. been Kerned a SAKE receiver /lK1
As a prsuppnelinn fur the correlation, the wide band signal forms limit). -Ie iM. are asaumned In bave a
natco autocoretnin bunction withnut sidelnhes. I a

Paloq~t t~d - 121. fur 51 - 0,

f~ til 0 .1)1 .(.41

where Ko is again the energy of the signal fonn enit Then, tbs total correlation signal has lb. power

f .I [ f1 % it - b1ekK11 l it M ( j d

[b "5 ,t 2~tit .2 ~ ~tJ2 .(..1

Tbe power of the Interference is

Sal -,i c'lJ I t. ' -( d' 't 
2
2.

1
1, k, 1. b 4.16i

Frute (6 4 16) and (6 4 fni the 688

,.! [ IIt , 
2

is Obtained Alao n in@n wide band case., is a, random variabln The sun exprnssion in (8 4 (7) cueilat cf
Rayleigh distributed quantities of equai expectation and nariance Also In Ibis can, the expectation and
variance f ci tn be caicuiled 1)3,

9i7i - To - I 20en, (6.4 il) Vscivi ij'81i 41.0 54n9
No %

A coeparison cf Kb. espressin (5841) and (5 4 18i shnws thaI tbs avee. nN~ts 1n sre equal In the naeow
banK and aid, bend east A comparisnn of the expressins (5 4 12i e nd (5 4 19) show, that the varsnc
Vetin of the 56K i. lb. aide tend case is sn a. than In th# narron bind Cuss by a factor nf K
it is wel) bnown that the symbol error prubabil ily P. fcr a fined average Silt 10 i. s1 the snaller. the
-nciier the fluctuatins cf 7 around 7n A waniieattinn ci this fact is the Incee o .... nningM1. efficiency by
pulse 'ametIng Instead of OW lantaing Ju/ Cunsquertly, fnn equal average P511 

T
o. inn symol error prnbability

tn Ihn tide hand ct.. On account of saller variance Variy). is saller than in Khe narrow hand cuss This
aii be (Ilrated by en example
The case M equal 2 .nd

lt! - a.2(t) is 4.i0i
Ie Cnnsidered 1n this cats, with

Is*1,5. 1,.( 4.2K!
the fnllnwing expresssaln o btained fnr the symbol error probabilities /6/

- P. c.~7i (de bsni 5m bed (5 4.22!
oc ndRed mete)
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With

/ - 6.33... o . W 9 Sn. ok(.4.25)

In PI S 64 2 Pe" Versus 7a Is depicted for the thee Cases IS 4 22). IS 4 23) and IS 4 24) It Can be stated that
the symbol error probability Pe Is minimum for tte ideal channel Independently of the system being narrow

bnd or W.14 .band .or the Sltlpth Channel. the ide band system,. d. to it. lower symbol er
Probability P. has a dear advantage over the narrow band system
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CARACTERISTIQUES DES CANAUX UTILISES
POUR LES TRANSMISSIONS A GRANDES BANDES SPECTRALES

Partle 1: MODELISATION DES CANAUX

CHARACTERIZATION OF CHANNELS USED
FOR WIDEBAND, TRANSMISSIONS

Part I: CHANNELS MODELING

C. GOtIEIRD,
Laborotolre d'Etude des Transmissions Tioophiriques

Unluersitf Paris-Sud

RESUME

On examine dans coto premitre partie Its eanaux de transmission doe tnsronnement terrestre quo t'on
caractdrise par uno moddlisation.

Apras avoir rappele Ion phinonsbnes diroctonra do la propagation. la mndftnsation ntattsdmatiquo gdndrale
esi ddcrato

1. -EfiMBAUA,&

La propagation dlans tonaironninent terrestre se fait A travors us milieu naturet sue lequet I'bomnn nat pas
ou a ters pea d':nttuenee Bl dons Yaccepter conine it sunpose ot cornger Its effets gtriasts qu'it introduni

Dons la, panic ninure do t'asnsosptsde, la, troposphkro., A toquetlc on annigne one alitsude maninnale do
l'ordre do tlcm. la, propagation es onsentiettement isitoencdo par ]n tempitratute, ta prosnion ci la tenear
en vopeor d'eau qui nnodifiont t'indicc de, ritfraction et par Its diffdrentes moltculos et qui. A patre de
22,3131-1 introduiseni des raien d'absorption entre tesqoelles des tenttres do propagation apparaissent.

Actuettensent, Its fenatrei A 35GHz et 94GHz sant oxploittes Los particaton en suspension. ten
Inydromitiores font opparatre den phitinonntnes de diffusion et entrainent des absorptions qui pouveat
dovenar tets importamnes

Con ets s'anndinent en fosiction de t'altitode on dovinnosn foibles dons ta mnssphtdr en tr~n foibles das
ta stratosphbr.

A dos attitudes supdneures A onviron 55km., Itoniatoion den naoldculos, provoquf 0 osnentiolement par to
rsyonnonienn sotaire change Itnot du milieu qui devient fornomons dinpersif et dons t'idco deviont
infdrtenr A I A conic alitnude connrnnce tI'onospnbre qai etond junitu'A ptunteuro raons terrostros zose
de joncion nic tososphbtro.

Le not corninue one surface do sdparonion ok d-n phtnomants complexes preonesnt noissonco.
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Mis A part l cas encore eaceptionnel de communication entre des eaguis tniterplanitaires; ou interstellaire,
let ondes transittent Ii travers une ou ptusieurt des zones qui vmens d~tre diflmtes.

Les phinomises, de propagation parstcuiers qui rigissent ia propagation des ondcs font q'ielt Subissest
des d~formastons cyst nuiaent i teur bonne traansmission. L'dlargissement des bandes utitisdes est rends
ndeessaee pour certaines catigories dsapplications evmmne le radar ou la radionsnigation afin d'accroise la
pricision des niesures ou pour iameliorer l'efficact des transmissions.

Cot ilargissenient, ostre Its prob~ines de brouiltage qu'il eatraise, donse ass imperfections du canal des
aspects particaliers

Lobjecuf de ceite prisentation eat de signaler les effets et de rappeler les moddlistions, adopties pour le

canal.

I1..- EFFETS OtiS A 1A PROMAUMffl

Use ftnrmdration des effets st effectule, sans dtitailler let causes qut sos! reprises dans lea pri6seniations
spdeiiqses du cycle de conf~rences

l1t 1xAIgsS MUILESM

We propagations se foot rareme : de 1dmeiteur aa rdccpteur par an seul trajet, mrals le pins sossycs!,
par diffdrents chemins ouverts A "onde. Chaque trajet est caracins par soo tempt de propagation ci
le ddcalage doppler qudi subst & cause de Is non stationarit6 do milieu de propagation 00 de la
mobilitt des ewr~mitts de la liaison.

Let retards les plus importants tout obtenus daus lea liaisons ionosphinques dons la figure la donne
on execaple tar one liaiton de 600km lst tout de l'ordre de quelquet millisecondet et pouveut
attelodre t1uts. Lexistence de cet traless rdsulte de Ia riflexion det oudes dans let dilffrentes; rigions
de lisuoosphare E oa F et do nombre de bonds pouvans assurer Ia liason.

Dans les communimcations en case erbasne qsi fonictiouseni A des frquences de piusiests certaiues de
MI-lu et dust Ia figure lb douse on exemple [1), let retards tout de quelques A secondes et posivent
aiteindre l0 ps. Ces trajesstons causts par let rdflexions sr le sol os sr les obsiacles prockes commne
lea inmeubles

Le tableau I r~sumne let peincipaus types de liisons et leurs caractdnisiques.

L'elfet des irajets multiples est d'istrodusre, par let intrfdrences crirec Ics differens rayons regus des
fluctuations du signal Ces fluctuations son! caractinstet par des lois de variations de types Rica,
Natsaganii sa de Rayleigh



TABLEAU I

Types do Ganane de, Etalement des causes
liaisons frqoences retards

Liaisons 3 - 30Mz Sins < loins Modes de propaga.
ionosphdriques tion reflexion sur

Its edgions li-F

Liaisons typiquensent 5 ~As < 10iss Rtfleson sur
urbasues imncubles

Faisceaus 10 GHz 10 ns Riflesions sac It,
Hentziens Sol

Liaisons 3MHz - 10Hz 10 ns Riflexions sat It
Sol Air Sol

Liasos I A35 GHz 99 ns Irshornogdndzs do
satellites rissiospuhare

Diffusion quelques GHz 300 s Htroglntitt de
troposphdrique I'atmospisare

Rdflexion 60 MHz Soavent il Rdflesson sat Ita
mfsoritique ri'ete qu'un tralies ionishes

11.2 DIS ERSMaTE DES CANASIX

La dispersivis due A Is variation do [a funcuion de transfert en fonction de la, friquenice ess causee par
Its trajess multiples et par [a selectiviti de certains pladnomones. Le plus importans eat Is variation de
lijadice do rdfraction de l'onospblre qut eat fonction de In frquence. mans Ies pladnomotnes de
diffusiona et de diffraction sass dgalement - A n degrt moindre en gtindrall - dislizisifs

11.3 POL ARISAT=N DES OliDES

La polansation des ondes vane lors de Ia propagation ssi 0 cause de rdflexcnsu de diffractions ou do
diffusions qui modifies? les polariaions, soil 0 cause du ilieu, coinmte c'est It cas dams l'onosphirc
oft l'anisosropie due au champ zuagnisique terrestre inds:? deux modes de propagation -ordinaire et
extraordinaire. qui se propugent, dons 1, cas gdndral, scion des polarmsioss ellisiques.



Des absorptions non stlectives cest.-dire affeesano t large banide frquentielle ae produusent,
parfois a-e des variations r*Pidet. Le -s le pu tyPique est Celul des fialsona mobiles ob le signal
m u ltip le s d0 t lea rt rd re lti fi so n: f i b le f V i visw d e 'inv er ae d e [a b an d e d u si na L

Des Pltdnomnes particuliers apparaisient cases par des anomalies dii milieu de propagation. A!*a
observe-t-on des changements brusques de la phase dana les liaisons :onnasplitriques; sous l"influence
de pertuirbation$ d'origise solaire. Dams les liaisons as voisinage do soI, des modes peuvent appraltre
par rdflexionsiur an mobile en mouvement.

Ces plitnomnbnes, bien que varies peuveet finalemente tro decris par tin modale general lindaire, etnon tatiosnasre Nouna donnecros tine d~finition de ce modal. et noes poerrons en ddduire Ia
caractrjsation des cartaux.

On tie consid~rent pas lea phdnomisi particuslers non lintaires eels que rtstermodulation par rifet
Luembourg to I& modification de rionoiptare par cbauffage dlectromagndtique

Cea casses sost reprdsentis par uo itre lindaire dint lea caractfristiques soot variables dana, )c
temps.

Au voisinage d'une frdquence fo, l'cnveloppe complexe dii
signal do sortie s(t) eat lte A cell. dii signal d'entrde e(t) par
r'enveloppe complese de I& rdponse impulsiosnelle
bitemporelle do canal hl(tr):

aft) Si at - ) it,.) dt

hiQ~r) eat ddfinie consmit l'asplitude complese i linstant t de Is :Etpoaae dui canal A an. Iipulsion

Oaft) -6 (t j . t* -

La ripomse dii canal A sue impulsion dctrde Emisc A liInstant tI ct d'enveloppe coospleac:

IMt - bit - Y5



eat done dorn6e per (I-b)

comme le montre direotemeat Is relation (1).

Si te canal ast stationnaire h(t4r at invariat danm In tempo et tt(tt) - ho(i) est is reponsie
imnpulitionnelle clasaique do cainal. .at relation (1) rieit &lous

n(M.ft(t -. 6 WA). . e(t)* htt)

ot) x(t) * y(t) otenote le produit de convolution,- on iat~grale die convolution, entre x(t) et y(t).

11 est habituellemeat donne une description du canal i l'aide d'une ligac A retard repr6sentie sur la
figure 3.

Le signal desortie est dointparla rlation s(t) = (t- .. d). Ii (to .. ).

qoi donne bien l'expresuion (1) en introduisant liittgrato de Rieomann. Dans le cat oh les aignaux tout
causaux stern (1) peut se rdduire i

Ill U RYF~MR EFtRIER nE LA REPONSE IMPItISIONNELLE Il

M211 DESCIPTION RETARD DOPPI PR

Si Ion iattroduit I& trasformte aetn t deots raponte imputtiotmello

D(~' - I (toe.~)

quo nus notetons D( V , V) X I to C')

Moers s(t) ff e (t - )D(Y, ). e01t5 r (3)

Va,
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00 f (r'Y'y) ds; lidottra pr,~ I& tute f 7T ,J J.

Lia relation (3) montre quo s(t) poor tre reprdsentd comme tine somnme de signaux rotard~, affect6s
d'un effet doppler et pondgrds par ]a foniction D(y, r) appelde fnaction de diffusion qui represente I&
dispcrsivit6 temporelle et friquentielle dii canal.

Si on dbijit tin signal ddnsisson impulsionnel, slors d'aprts (l-b)

et dsaprls (2)

Dl' is 6 £ (t, t - )*~ dt

La fonestion de diffusion sie ditermine dooe par Is irrsnsforns~e de Fourier d'un ensenmble de rdponses
dui canal i tine suite dimpulsions.

Las fonctions reprfsentics stir I& figure I soni des fonictions de diffusion.

II fqCt'lNE PORFIIF FREOUPNItrIR

Sa I'on difinit
E(l) #-'e(t)
H(t,f) '.

2
1s(t.r) (4)

Alort. apresu sn calcul simple

slt) Elf 5f) H(t,f) *J.i df

Colic relation qui relic le signal de sortie aui spectre du signai d'estirc permet do rnesurer facilement
Irs funiction de transfert du canal variable duos Ie teimps. La relation (5) sugghre en offet de poser,

S(t,f) - E(Q H('.0
oa S(t,f) cat le spectre instantan dii signal de sortie
La function de transfert dii canal est slurs obtenuc en imnett tin signal I spectre uiirme stir I&
bande ktsdiie Elf) - Eo et :

3(1,1) - Eo ISIf)



L, SPue4 on n nml de, fonetion de transe rt mesuree ur une Uais~a lonosphddiquc de

j'Deaisrclaton (S),

:i6posasit ~ F (~ --- 'H (t, 'h 0;0'

Alors Ste)-Y.

l'(s 4) relic It signal de sortie so signal d'eotric ds le, domalne bifrdquentiel et app" fl dfsgo
duale avee b(4ty) qui rdalis e s moses grandeurs clans It dona" bitemporeL-bn pet figure 5,
dtablir pour F(usd) un scdioa -inli'a ~imailaf~' .

UI cat simple de voir qse Fl(' .1) ist fi iransfonnie &icuner.piar rapport It i, de Is i6niiton de
dillbsion DQr, y' ) Ai bien que h(t i) se trouve lid aun diffirentes transforoodes scion le nsodtle
scllmtidstirrIsfie. .

Cette notion itablie daIt cadre simple d'ulksignal oomplene se transpose simplenient dsns Itca ode
signaut snultidiarenslonstels.

Lorsqse Its canasx prioestest des vsristions aidatoires, il devient ndcessaire d'en donner use
ref tton -ilduO On utilo en gdndrii os d dhoti au second orrqi s' Il est
complate pour lt$ signaso gssslens est souvent pahiik p oour'leo s'ignooUx r~ls

Le signal requ est earaadrisd, au sieeond Iorr par Ia orirrlation temsps retard

obExjet 'spiian6c mAtlsdrnatsse

et i-



NSin lo i Wprpk* du signal et du caalionit liva a~c pitrailatiri dais to timpa, on dit quo le,

systhme esat tsonnairoet

Usn propri~td du-"ni ions doisc'ddtes par rh(s, r, e4 uiess Is foniction d'autcorrilation de
renveloppo wmplexe do Is ;6ponso imulionledu canal.-

Les mime considdrationspeuvens km applus s ivxtranformees d& Fourier do bQt,r) difisties
pr6;ddemmsent, et on mnontre q" los corr6lationi %H, r rF des sramform6es K, D, F soat relites par
dei teaisfoint6es do Fourier i dstJ dimensions selon Icldsia reprdsent6 sur li1lgure 7.

Los Can=u no sost *amai stationnai ies als Aion peiit len considerei oomme tels pendant une
pdsinde de temps ddfinle, on dit qu'eils le sont -n sons large (Wide Sense Stationary 'WSS).

Pans bei conditions

et onmontre qso 3' (t,t,,v),, A l)? rr"

reprisense une densi S spectrale do puissance.

Dans n certain nombro do cas, on cosidre quo les trsjes multiples sons dicoirdlis. Citte hif6thhso

est valable pour los cas nit los trajets multiples peuvent etre stprds.

'Lis cinaux scat l6ms qualifi~s de siasiosnilres au sons large A diffosesis non corrilds (Wide Sense

Sta~~5iona~Y' P, (at, Scte). VSU

xo (!x, v

004f fi



Les inactions P apperaisserit comae des deinitde ot sooit ri" entre ella perlet sdsdma bloc de li

Cis dersiiies relations moesrees que I le as cmnsldjr6 dens amodtle stationnalre s tens larg
deis I do"as temporel eto fdqme .ti DNos 'aac(y Y) ia flonrton 'de diffusion ast

iset~ pe de h~p~on de iradon 1espae des retards puuqe ias trae soot suppos#s

La don enrF(aA) et o Ph(At.r te 4duit des table& Prcedents'

La foneson de transfert H(Q)dut sonstationsiaireon salt qse rH( d .t) qulat sa fonction de
corrilation rend compte do ces vxrdatiotx.

Os appelle bande, de cohedrence Is difference maximale entre deux frdquesces; pour lesquelles let
sfjgwai transtiis ont das amplitudes complexes suffitammsent corrilies. Ce parasubtre important qsi
fle Is.limitas des bande usilisables os lts decalages friquontiels Wmsau pour assurer use
ddcofelation en divirtitd Id& frequence, cat delini J partir de r,(4 Lat).
Si let deux sigisaux 5055 intis simultaniment, at 0 Oet

r(6s,O0) - u(o,. ) e- J

LA bande de coh~rence est difinle par Bcoh tite qse
rll(Bcxoh, 0) - 015 r(O)

La crrctirisation des c ' aaux linlaires non statissnalres a Ett fslte aver des forssatissses puissant$ qui
pereetent de let difinir par leur crastdristiquet temps -friqsesre mait aussl par das patrtires
sstslssiquei pour lt anaux altatoiret.

Let praticiens, souvent utilisest det modlles plus simplifies encore qsl s'sppultst souvest tsr les
Isypothtses WSSIJS. On pest citer It modte g~tstral de RUMLER et ses variantes, pour lts laisos
iososplsdriques Ic modte de WATrERlSON et pour let modtlet urbains ceux d'EGU, d'OKUMURA.
HATA, d'IKEGAMI et d'IBRAHIM -PARSONS, qui se peuvest atre ditaill~s dtss rests presentation
gdodesle.

11 fast rependat rerquer que le problme de Is modilltation demosre ouvert i case des difictiltds
qs'on Ias espdrlmentateurs pose couvrir Is grands diveruit des cas reels.

L_ _ _
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-TF teiporaleTFrear

tomporel 1.

FIGURE 6
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at se trnform~es do Fourier

TF Transformae do Fourier directs ou inverse
DTF Transform~e do Fourier 1 2 dimensions directs ou Inverse
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PropaggEllon limitations fortiansionospheric systems fromi 10 to 300'GHz

A. 'arV. ~ .seee

Btaot IrAe11;l B-130 Looai.-A.Ntsr

Abstract

oabredA thaeourinztleof the tnaeloephrol propagation 4dse "qit. as ictstillatitouo physical homs

wx ,, vepow, tlnlsl water. sad tLdepeadeas ksvotmte. The 10.100 Oils heuda WeatisateW with a. msphasts, o
the "03 Gilt buad. aad seamo laisso r higher freqvocks. AttepherektwhelirvO is espeoclal looked at. becaose
it ykd ie Sortstle at the refratlee indax, Inding to unlatsd, phto., .ad aal vo.re i atlee. ow the sigil. A
coodo dvloped by the aethmr It peear~ed. It takes lAte accoot the sos parmeters *(the Nei g feipoey, dkctri
coetat. kauee. aatuea diamnete, tahomegeerity s* Aad ait' Ied.. 'Th. W laoe o acteel sigah 6s diecassed. As well
afreorty -rpoe-. lapels. ad st-p-rapeee. -4 ed op d"iy.

I Introductions

1.I A Aint esmbrneter oresradar

Ia Astu~t 1942, British asd U.S. scits tit to reosh so Agreement ow the developmaet of A radja system operating at
*m~rottto fIqu sees KWsPa et a.. 1Q70). Th. U.S. eesarlsft orAMA 30 Gil.. whil the Drtiskh preferred a freqoesey
ebtaloed by dossbliAg a X.haad fireqaety, oamely is Gilt. Both perties, tempromised . foe a ftequenty of 24 Cils.
'Tk. Alum was deobped And Imsproved reqoal. with aw epirvveetas the perfoccaucoe howeve, doris the whole
of the winag of 194S. The freqsoyi teosn. 6rded was very ol-. to the watr rape.: Absoeption freqaroy. sAd the
aprimeeters iotpeolag their sytem Jult coontrhlanced the stae of hanidity dams the sprng is New Englend ! Still.
J H. VAS Vleeh adatte late that the theory Was heowa% to A noeotabis extent. It wAs hewevr aot takes late ercoest.

1.2 Past history

Mtlrowaoves Are iaowe4 vat. .1.. q'tt a time (Vander '/000 t a &I I00I). The fooadatieas of raerowave, tenet

tcrillatlag modes on (fo~aoe. spherical or not, were obtained. In IM1, P.G.'F~tsgerald already jgtted ktctag-.
ottle traasalssloa. be IOU, A. Ant~s demoostraled It Is Karbralhe. At the some, tImet, 0. Lodge showed in Great.Britaist
the tloso o toatheassAy phtWasree oW tessOR1ieeio An~es He JfEmtraletd radiatiow freet Ciroela w~vreiee", the "ri
effect sad cavity resonaaoe. Is IM94 Lord Rayleigh pohiashed aepdte btie o6 M~axwell's tqeatlees, ielding all the
possilel medas metaagsla Ad telte slat waregldes, with Ilatel (Actioe. On the other bued. J.C. Bose is weerhing at
mnillImteter wrivegth And he develops A mewloodeotoe detector at 40 GCi . before the ed of lost century. TPhe reed
ewa oening ow mleyrowave Asks, with pereholic aerials, feeders, deto. and era no rio~astrosooty exorpermed hy
0, Lt4.

A roroarhle maysery , nothing 06.1 that happened. Nicor, kioaka dispraed. probably ltaofss. the socoeee
c oftrowl witk leeger wsoelgth trnse~els. It was sectsay to wart foe hay 5-ctr.Jst beoe Seedl World
%Var, to se Sewthwocth, Cho, Schrlhosell and ethers edocover ad develop the sobjoot,

1.3 Why htgher freqeeeolee

let. m al" amer as an, Attain , front of the snes. An esetoes woesot .6 hitoeatote hat been writtue ow the
Mej o. lst interesting are thes oa systerm lmplaoalloat, whkh will he ditcessed later to this pap.. (Joeaoo. IM6;

Maoh. 116; K=31 0t0.1., 1963; Yarder Voest, IW1),

Today, Is oop. a hundred earthotatios ate being sed foe the OLYMPUS projet of the LEreoAf Spact Agency,
eperatiAg is the frteowoy hads t2.9,2.2 sd 30 G11.. The CODE expeamst. with the saetellite, Esrasing a bee f
Istrea emoeg meay eopeeitereleo, nd the teleramon segotet of6the satelitI beizg lohked at by moaay ern, seth the

prepet 6 er lw.esttraesi~rceoestaic t 0/0 ~l, athe kd of horlorall 'mtthe Drtath. Deedsbabo
kt Instsllwig a Detweth at CO Offs. Direct ttlevtoo by sate~le, wr beasbilrty for LoEpe was d btstae y eec of
the -ethen. tweate year. Ageo (84"t 0% at1, 1161) a presently esterlag the senr, with paabolic ates... Iee thee 30cm
diamter.
Why going to higher freqoeselee? DNA-cesI

t. the frs'Ysee beads 4Iat N tqorr4e a totally seed. to oath An Wtest thet so e aplastls (An be iooked
at at 1te fet eeesoles
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2. % bsnadsdth at 3') (llsmaycosta1iy.5 more information than at 4 Gills

3.th iectivity of a asfe to n sasaincrease u the squar offreqency whlea goode tot i tdynot mre
dilffcult to make for 000H2 than for 10 Gffi

4. hoitedfercts between adjacent liasdecrase eshen the freqnenty iacreaws because of the main lobe. sidilobe
behavimr "safsnt~ioof freqecy.

Hence, sptaytm at 0011. my compete with syttems at lower frequencies.

There is of cou-s . price to pay:

1. the cost isceesses weith frequenty, less howeever than the advantages

2. the naile linsswith frequency at frequenties higher than t0 Gilt. and .lmoapbetc ahsorption peaks may seriously
harsn the traim wino

3other trasmission phenomena have so nrsg i nl oeors.

A small exsample shoews bore does Kus-hsd (12.- 14 G1l12) compare with respect to C-hand (4. - 6 qi) (Chltahaboety,

Frequency Satelite antenna Tnamot Oas rrs tter £R
C 401t) t.2mi 32 6 W 39 dBW

Ku (12 Gilt) .inm 41,5 6 W 411.3 dBW

he thin ecxacople. the Ho-hand transponder offers; 9.5 dB extra transmit EIllP at the esice of earth c~'erge (1.4 degree
brain coverage instead of 43 degre). What it not shown in the Table. however, it that there as ait exvtra down-path loes
at Hu-bard which Is peecisely W.S dB. So. whete In the advantage ? The advantage is In the earth station receive antenna

* gali. for a give site earth station atenna. It Is easily calculated that a 12 m receive anterina oifee almost a threefold

* Increase ho traffic capacity at the Ho-hand when comnpaeed with the capacity availahility from a, C-hand transponder.

1.4 New developments at higher frequencies

1.4.1 VSAT's

State more than Siet years, the marhet han opened foe Moors earth satioos: very small antenna termfinals (VSAT) (Parher,
1054). presented as pteonal computer ac tsn.cating about S 2500 In qoantity [a 1004. Ustng spread-spetrum
techniques, A Particular network architecture, and pachet switching, One company has demonstrated that VSAT's coold
he commercial producto, addressing the need for how-speed data transmnission between a large number of widely desposed
locations. so-clled 'thin-rvnbenetworhs. Concomiltant; with spread-spectrum modulation techniques, the one of toes
division multiple acces(CDMdA) at low power provideslInstant access to the network by eliminating some of the delay caused
by the two more common schemes. frequenoy-division wi-ltiple, accos (FDMA) and tone-division multiple access (TDMA),
At the rud of 1000, Equatorial Comnmications Compa4 had placed 30W) unils of C-ICO receive oaly VOAT'3 (61 cm ho
diameter), for hea than S 3M, with a cross-section of loforrnation providers' such as the New-York and American Stock
Exchanges, Dow Jones, the Associated Pres, Rteuters, E F. Huotton, the US Meather Service, Commodity News Services.
Bteneficial Finance, and Farmlad Industries (Kachosar, 1140). Lower prices will coma los from technological advances ho
GaAs circcuits and veyloe Soerton (VLSI) of digital circuitry than it soill from the econoomics of scale resulting from
larger contracts.

1.4.3 Spread spectrum

Spread spectrum has been used for along timeh In miary satellite communications to mist inlentlooaljanmtng Rteceoitty t
has found its way hnos commercial atellite communications primarily ho love data rate applications with small and economic
eatb-slatioots,hto pitticalar because of the vast marhet ho Interactive compoting and data transfer. The techniqute is CDMA,
synichronous or asynchronous (Ha, 1001). Spread spectrum multiple aroma hovolves the following merit features.

mcalolpiath resistance ho mobile satellite commstuAations
.extremely low interference to and Item other satellite systems and terrestrial radio systems

e low prohabihity of intercept

-accomodatiag a large number of mars with low bit rate

.Small antenax (0.5 .2 m antena for fiood service. irostrtp-aroay for mobile wsens)

. Immune to $an outage.



where diet huaen, conicstlo.dtavaeadid) siove ewegerahalyepredivin f

nioela dawn of the video oition. In the DICE system, the overall apet.. n the stellite transponder is always
the enme retailes of ,throughnput, rhbh has .dvcntige in termsc of reducing Ithe affects, oaffn and degradation due
to heteimodilitist Prodncts.

1.4.3 BivAdbaidliti

WuBaedings nt hco;e . a o concen (Vander VMnSt0 a!, 1989,2).Broxdhandig an att dheric'cansel raies bey.
qenin eht are the Physical pheomrena involved? how dupe~slve Are th" phenomena? wehat are the radiolctical

iplihs ehat athe c eeoon the cytnm-

1.5 Conclusions

Traroncepheri systemso Are operating at higher and higher frequencies. Not long ago, the lotelsat systemn was at 4-6 Gift,
arid honinnal hols~wi aosad 7 G Ut. Then c"ss the salklite system he itn-hand (11.14 GOlin). The Olympus satellite
of the E.S.A.. as weell as -a lo

4 
itheas, iW.1ejtij eiic the .- ane of 1IM at 12.5. 20 and 20 Olif. [tlt will h..e

hoacons at 40 And 50 Gilt. The DSB is op~eatagal 60 CPA Famoe in going partly to 04 Gbz on horizontal m linsHence,
frequency is going up, the Attoosphere ha. to he revsited, he particular for its tcithbleace~whkh induces time variant
moltipath.

2 Atmospheric pliyolics lothe rangelO0 to'300 GHz

2.1 Clear-alr attenuation
Thirty yearn ago, An important paper (Stranon et At. 1060) tunmarized the meauremnents made in the tango 30 to
300 Olin. Figure I schematically shoos the reults at sea loee (the temperature.- or opaciy . is In ordinate). The lose
vaine. represent a loss opacity, hence a good transmrision. The lower curve is for the 1962 U.S. Standard Atosphete,
with no water vapour. The upper tne is for an Atmosphere with 2 S/cm'l total water vapour (Assuming a water vrpooo
denty of 7.5 g/m' at the sutface. decreasing exponetialy wilt, a scale height of 2 in). The diagram also shows a nurher
of atoo ahsorpton hoe.n of ozone, s welt As the frequencies of CIO and NO. There awe lose 'ee . frequency hands
with losser Attenuation - respectively around 30,90. 130 end 220 Olin.
A quinlion has Puzzled many enp"eriottrsi fort a fews tens of yeats. the absorption in the windowa separating the
ahsoeplica peakis was fond mete Important than the values ohtined hy calculations hased on known mosdels. This led to
the denomination of asomalous* absorpion.
The presence of water dimoms in the atmosphere was suggested as a fret woplenation (Vihtoioea et AS., 1071). liowever,
measurements n tenilin atmospheric attennatiso in lbe tango 100 t O00 lis demenstrated a linear dependeoc* of the
atteuaiition iA dBi upon the water vapour density. This exclndes the presence of water dimer As an enpianation hecause it
woul~d yi-ld a quadratic dependence.
As Appropriate made! (Liebe et a!., [070) lash it conoidetatiso ahout 20M spectral licn" of water vapoot. op to
31000 Gltn. to evaluate the Absorption In the hand t0 to 400 Glin. Ilao took into Account the Zeeman effect, to
evalnate the l olnnc of the elevation, the AMttoe e h eperore.FMally, en extreme effort was made, iveti.
gating frencien op to one million Gltn to check tbe'o csn.1 tihlions is the observed value. in the range 20 to 300 Olit
(Theobol et aL, 1002). This effort did act leave any anromalow'. absorption at*all : the absorption in the 'ealleye
hetwseen the Aheorption peaks 6t largely dne to remaining of Absorption peaks at mock higher frfelnes.

Oence, modes do exist, and they are Available at fireqlencie. op to 1000 Olin.

2 2 Fog

Eupormtalt' fog dat in the NMMW portion of the spectrum are Almost nosistent. Mleasurements hase been made at
30ad 140 OlIa aver a, 725wi land path (Richard et a1., 1077) and compared with other measurements (Robinon, 19M0)
msde at 20 Gift (Fig 2). As can he seen from the figure. there is a considerable scatter of data Points When Chatactrizing
the fog by Its visibility. This is not surprising since, At wear millimeter wavelength, when drop Auo ate Small compared
with the wavelength. tho attenuation a not very senuitive to the drop sine whereas, at optical wavelength, it an eery sensitive
no drop slto. he both the 35 and 140 Olin case., the Atternations m easorod a-c larger then that predicted for radiation
fop~

2.3 Clauds

The' data arc very limited for charauterleng NM.MW attenuatin effects mn nisuic. The OLYM.PUS protect of the European
Space Ageucy, weith measuronvente at 30 And 20 OlIn will probably enlighten the subject. Results of measuremet. of the
Averate Senith cloud attenuaton measuroenic at 7$ OLn are given mn Figure 3 As dots, for tin days with continuous
clouineen from April to June 1070 (Sokolov 0t &1. 1976) Correlation of the cingle~looid type of attenuation with frequency

as stli A difficult lash. The ofnilicuit offet to otlo. is An Attenuation mncreasing will, frequency and that the largest

attenubos for NNd5iW occur for cnmiu clouds.
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.Rain-

A-tmba tc an se staefo.haeon sot u h sdy of rain attenuatios n too 147M W portion of the
sy~ctr~ ochtsdssarertejri~lc jasra vr ely be the priiicipal limiting laitr to obtaining all.

ee The 19MW Systaime.Ui- thsnt at lower freqtackrs, it is tot possible to accurately predict the, attenuation
from kaovrledgeof roM rataes a ma "ss. it N~~M" tvtnecia the drop size ditritn s f ar more important in the
talculstlin. rerscti4 an this citotion, may be Solod by referring to Figure 4, which shows expec~ted attenation as a

fait~ foqicty as calculate y Ue-rlynloses and Zavedy (1971). 0.1y the Joss dittribstico for drsste - very
small doops~ j-t anatnaina 90 G sgicatygreater thnat10 it.

Mess .. en' oa o a, 946Gila on a 100 at terrestrial path (Ifeiter et 31., 1979) shor am attawatios as a fanicticii of
dropte once rip distribution oa.i with adatrometer iia ig._to Measuremtents arre

compared it alcoloiot slg Mie'susatteritag theory fot v~attisphes. Proper raio ckiataiterisat"e is very iroportan%:
without m"'or ed d4 ors& distribnlio jg rapid, paib-overqe rain rates, it is sot Possible to- make comasetly accrat

atdmof &aio f. 11.. steoiaon trvosored att110 G ft. tcoaeher with Winall rte and onteal visibility sowo that
* the i400Glit es a iro depeonda on the total watter, ihrem the optical aobility a msorea need by the smatll

Water on tbe .01000. or its cover mjay of coarse represent a aerious, problem. either by cotdensation or precipitation.

2.5 -Snow,

Richard oa a.(1977) have peiformid 140 Gila attenuation measurements in wet showes and compared there weith other
frequenocy seornnla showns in Figure 6 (rate equivalent of I am/hr liquid), in a friqoency-range from 19 to

* 1009 00 GlH:. Shovwn also oa this ligare atel moo/hr roin attenuation estimates obtained by different autbors (Kelp.aet
.1, 1979). Soam attenuation Is between 2.5 .od S times greater lb.. rairtattesnuatioz for all the frequindces measured, In
general. this is due to the large, more irregolor sapes of the iiao' pi~ipitati~n and the fact that higher concentrations
eait (fo the Snore doe to the lawe fall velocities. The attenuation Of SAWe very stronlyr depends on tho m61st.. state of

te snowe Baker, Whetn the mnoor i dry, th. attenuation is ery loe, lss lb....a equivaletnt rain attenuation.

Hlad is encountered musch leow frequently than rain or snore and it. doroion, "o rellsly short. No epeaiosental data are
found in the lerature, aod little can be said aout the effect of hail. Obviously, boll attenuation does not depeod strongly
on waovelength. since the sies of hailstones often Significantly "0.ee the wavlength In the eaolom terrgion

2.7 other atmospheric coastituens

Pollutiorn ioroduces seveal constitnt.t in the atmsphere. While the nature of the microwave and millimeter-ease
opacity of these contituenits Is relatively will hanon; the techniques for meareuringsuoch opacity are such that only very fees
enpilmeot. have been performed For instance, the inspectioo of the microreave and milluoelerwave absorption spectra of
the gases rlaled toctouds containing acid jrec'tpitatiain meals that eves under the relatively high pressurecarteii
of the lower atmosiphere, the absorption spectra bei.r significant differences im their frequseocy dependontro. Montse of
the generally lets magoitude of the absorptiont exhibited by these gases, untambigous identification of lb. isres of sorb

* opocity based solely on frequeocy dependen~e, cao he diffidit' (Steffes, 1083). Figure 6 shore the tropospheric absorption
spectra for SO2, COS, 112, 1120,iCO, Cbuhil Frgsre 7 shows the same for 03- N420. and N(2, in lb. freuency range
tsp to 20D Gila (Steffla, 1943).

* The aheorpieity le rather lore (foio-l& to to-' dbfkm) for these constitoent., itovolved in the formatin of acid precip.
tatios. Somne of these gases enlobit .evrorl hundred rotational reoanrcs below~ 200 (Ils. In Paeticular saseoss sulfuric

acid 11902. The satoration vapour prescre for rolfunrc'ac. however; is su lore for temperatures corresponding to those
of the troposphere (of the order of l90 at W'C) that aheorpirts from gaseous Ht2S4 ould he undeetabe Oo the other
hand, the abundance of gaseos IINOS can he siijoltrcantly gfreater, doe to.a muchi larger vapour pressoro (of the order of
t0 at 9*C). Firgure 9 (Vander Vont, 1945) evaluatei the minng ratio - the ratio ouf the density Of a Particular constituent
and the density of the aimsphere - as a ftunction of altitude, weith act inducation of the minimum detectable abunsdance.
The right puct of the figure shows the veariaton, as a function of altha~di of some components for whichr a ianirrate
estimation has not been found.

2.8 Iahoosogeneltles and turbuleace

Atmpheric turbuleoce my yield bean steeting. image dancing, bearm spreading, image binrring. intensity 9retos
phas lioctoatloons, angleof-artieal dnctoattn eolointit ductualios, c. Several articles provide very tsxe reviews
of the physical basis for various effects of atmoospheric turbulente (hhc for Instance Faute, 1975).
B asically, lbs effects of turbulonce on propagation are determioed by the refractive indext fluctuations along the atmspheric
path. These ductoations re, In general. function of the position and time. whioe the temporal dependence of the flunctstios
of the loden of refraction is doe ixiainly to a net transport 'of ths lrhomogeneities of the msedumo asa whole past the lin
of sight, duo to the wind (Kalpa .Ini., 1979).

* Hrocte, a l0"ose-rian motpoth slttnatica ao areated h-cans.i of torbolontes, While at lore orae, the offset m a com.
qnce of random spatial tuevoatvariations is the refractive mude, in the millimoter range an absorption mechasm
ocmoors aswll A spectral anuallysis (Ott et al, 1974) of tho amplitude 1ttouatono shows that therm is a comoer freuency
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asnmhtde Spectun cnrpad to a range of eddy sie larger thaa'the radias of the Let Frime illi d
It been6 -h AlytWr cat tt and tt ti ir reatedat 3S GHi : -the €ore ' tmo between
the en"!" of the sctuatime on a tate a et 12 Gz and the Z etlitmernhe sr at

3S 0Hn while the radtststrc uariation msare 1201 laI n bt( eiaI )

CsICahIui hased on Models converting floctautian in tm einihudtyAnd total Pressure Into Rfl ton In
* I eo~inn hi rifractam"heshow" the following (Billet 5tn : -

the eifct of pveriir An tueie A re Usaily sellhgtble

the effects of temperature flnciustin are setlitble with repet at humidity fie tuatios when these re very
[mhportant

n rcton factustioa yield mutt larger amphtade Auctustios. than do absorption flucteatious, for mst C.Ae of
nitreet.

Clearly, fictatios cannot he neglected in the evaluatin of trausioncpherlc systems.

3 Radillelectrical pheiomensa

3.1 AbsorptIon

Absorp ion is the quite Straightforward conaequence of the presence of losen in the atrusphere due to various reasons.
atmophecic resonantce in clear air, suatr vzpour, liquid water, and other coatitaentn. A major'effort was made In the
COST pro3&t 205 of the EEC to measure attenuation statistics duting several years on spaceearth and earth-spare lab
throughoat Europe (C E.C., IMs).

3.2 Diffusion

Thin word is rather Ambiguous in att iopheric radielectrictty because the meaning in threefold.

Strictly speini , diff"ai l the physical phenomenon governed by the diffu ion iquition instead of the wave equation.
Shin effect ia matenals s6ch an effect, for instance. Thi happens only in cae where losses are far from negligible. It is
not a common circumstance in atmospheric physics.

A ccd veidefined understanding of diffusion is related to turbulence : one dea% normally with the so-called "wel-
mined atmosphere (Livingstn, 1970) which characterims an airma which has hee thoroughly miued while tending at
all elevations toward a state of mechanidal equilibrium indicative of a balance between gravitationl and hoyant foe.
It is the state toward which one should expect an air mass to evolve when Mining i brought about through convective
forces resulting from aheorptin of heat from the ground by the air layers lying nearet to the ground. Three pysical
phenomena art mining cases : convection, eddy turbulence, and molecular diffusimon. In the atmosphere, convection is
resposible for uawlog the compositio of large air parcels At different elevatiors to be essentially the same, while molecular
diffusion Assumes that small parcels will have similar compotitions no matter how small they are. Eddy turhelence plays an
Intermediate role, requiring lens melecular diffuson thto would otherwie he equired in order to achieve complete Mixing.
Molecular diffasion is relatively slow proces

The most common we of the word ddtfuion", unfortunately, is a rather suse, for which the words "diffie reflection'
should be more appropriate. The uual procedures for ca culating refiections are applicable only wherlith reflecting Otface
in smooth. As the surface becomes roulh, the character of the rfction changes in such a way that thu direction of
propagutionfof the iected feld ee to conform to Suell's law fo refectiona, its intemity is no longer given by Fenel's
formulas, and the tithod f Imate l no longer applicable. In particular, the reflted ware is to longer a plans wave, and
the surface i said toexhibit "dfuse reflection" for which the concept of Iayges' aources has to be wed. To deal with
the various Aspects of the prob'em, the evaluation Is usually done in three sto : (1) speuhr reNecion from a prolate
spheroidal surfice with the Antennas at the foci of the spheroid, (2) specular reflection from a plane surface lying tangent
to the spheroid, and, fBal y, (3) diffuse reflection from the rough surface which results when elements of the plane surface
Arc randomlyrdlaplued 6rm the plane. The presenc of droplets in the atmosphere indes of wo." difan reflection,
depending oh the characterith of the droplets with respect to the Waveletgb.

3.3 Dlfractlon and scattering

Even in the abence of reflection, dMfractiou may cau serious attinuation, or in some cases even enhancment, of the
signa travrsing the ine-of-sih path. Dmffi*ctia is due to the fact that a ptriodc wave incident upon a material body of
any'edmriptin - in particular my kind of obstacle and also droplets in the atmosphere - gives rse to a forced oscillation
of fre and betod charges Synchronous with the applied field. Theaecostriiuel movements of chags set up in turn a
secondary field both Inside and outside the body. The Multant field At any point is thea the vector sum of the pttiasY

, - •rand secnad ar fields, The simplest problem of thin ela And at the sain time one of primary importance in Atmospheric
stude i that of a plae wave faling upon a sphere. This problem wan already Solved by Mie, back in 10?.

The t0otl energy derived from the primary wave n of couet the sun of energy ditipated AS heat In the sphore f Ieas, and
of tha outward fow of the ncondury or "scattered" onetay from the diffracting sphere.

k. -______
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athoe.6 hvecmbined the.e petricpe.t aaa*prcil modlel fiamlttod. floctoattonoobserved onaspceeaesh

E nia ly h a ip n i or sh e r c a id e alro vatsd .rt th e Ifw 1 1tha a m a~i c - n y. T i b~

A tb.t2 ooogoiis the effect om a syotemn my be cliiteopicapt

It has become common wnab and more or teat comrxn practice anspatal commnircatiosttoase polaoetoes dtiinity, dou'
bling: the capacity by modolattagt twat cirrie-~~et. orthogonal io polormatics. by diffeet e Bra.Ilsce dtpltaatton
loo raised a lot of interest stace aout twenty Iyeas

Ia nrpe, th, project COST 15/4 (1110,1911) estalished mehllgland offered sytbesed mfocrmatoo baoed oo

e cos polaieation, due to roa a a very complex phetneoso which cao only he doalyzed with aplproohoationa that
concern both the electromagnetic thevory and the atmoopheric moodel

* incohereat smile icatterng by aphrkca partitles my auose dpolarioation in oblique directwona and tncoherent
multiple scattering by suchs piartiles m:ay taaae depolts ton In the foreyard direction

,ethe athject't6f cohiuet aad Iacoherent affect denerw farther study sod his Important practical imppications

Igiictt crooa-polartstio phenomena my octo to dooar weather conditions In the presence of maittyath propa.
,gatioo, because of -the saaroesseof the atenna treospotartatoo diagramn, shich toses the oblique todiret ray to
proleda * igoificant tros-polar coimpoarat (Fig. 0).

The European project C OST 205 (tO79-19t5) coatribotedt many experiomental results at three different frequnes (tom.bretg 0Th ad SIRIO reslts), In tiecotoros well as, to t19ar polaosatioo (CEC, I*$5). Lam s were establthert for
expressing motto i ta ir pciaeisattoo in terms of trcolar polariratim, for scaioig XPD attatisttcs from oae polarizatton,
to another, sod for frequeocy ecaltg ireattog ie tad roa effects separately. The exanunaaion of moto to the XPD.CPA
plaae clearly separaties eveots domioated by tce sod rota, respectivety.-
ltoatctitei eoPoiat~ou E, reated t th region of the XPD-CPA where CPA < 2 dD. This is consistent wthb ce
being alioiot olesa cro noai-O~tot rhhig mainly frmn Ito differettl phaits hifting Properties. At the occaiont of the
COST 205 Project,Serrl CCIR models have beea testodotmeevd vsa.w 'ud reevaloated. As for the latitude

jeieac.the memareajeot did xot ised moy tlear'trend.
For the nest yeare to corne, the OLYMPUS project (W9-1165) with its three heacos (12.S.,20, and 30 GHz) laclodiog a
polorieotwieitched beicco at 20 GB:. woll certainly enlihen the sobject.

3.6 Mslttpath propatton

Idaltipath propagatio ca artbe diectly from the state of the atosphere itself Without to aay way wooletag reSection
from the oaf erlig teresiA. It Io canoed by rfractIon the air tad by ref ection, within the atmosphere itself. One may
recognioe too distinct forms of multipath tnterference attributable to atmospheric toihormogeoty.

0i t not1 itely to be oh reed vwhen the atmoosphere Is In a quiteitt state. it to due to the preseoce of dats. Elevated
d~cttcio oat. w~ormore ropa Atio atteo't. Mi addition, there mayb hrtflection tathe dae to glancing tetoidence

of na~i;o n on osrowr re0Iont which exit t ecicptiooaially [ars* rcfractioithridients (Fit. tO) (Livingston; 1070),
64o t he othrr haod, mi ultipati, conitions coo occur whien no acts. arem preoerit priocipally in turbutent aW. because of local
chanjein toheratIvity. At microvean m trnt waepath lergth vartattons biwee differen t component uga
arc large compared with the~raditiam wiivtliiitbooJ therefore give ro, to rapid alternations between constructive and
destrueart edrereoce among the carriers (Booher etai' 195).

3.7' Sefutillatlon octd flactuttlota

Scintillation La welt bro n ??~tits : t Is the mechanism which causes slart to appear to toichie. In this paper, the word
ftcittions will heauted ithrohost, to chatritle mki4 *e sd meileeter wave phenomm.
Amplitude fisotoationo haot beet obeerved and meatnd wince aout 1980. The mesured spectrom a narly flat op to
0.3 lit and decreases with frequency with a slope equal to 4/3 (Voolcooocher et at. IMS). in accordance with the valoe
predict, ed by Tatorahtl (1971). The probability dimicty fuoction is tot Camoaa, because the variance is tot constant.
Fluctuations or. mainly ohuervetaduro the posogv ;(cumuoli thioogh the propigatio path. Amplctude flototiois have

been processed for two peasn (t9ll af toot) (Vander Voet et at., 1082). The mAt atistical newts are
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fhoriostwm jhao&s amptde of More this a 3dB ippon i44mdish a a ada dalo, t g

*daily dIstribstisa exhV6,a a main PeAk aroutnd 2put o.th two smaller Yeah. mround i am sod Mt pm pectimey

*monthly distribtion eahiita a peak In the summner

t CM 6 a drfinit rlatoahip 6ttw46thr anhts doi o he8or~tiow tad Itsto o OCC.reOC

iAt-voat ms1tipaths'llsoyR yedu8ctuatiou on phase. groarts(Bohdinder dt aL, 1953) ad poiibtly dopc!arisa
tion at high fan scks. Very little is knownt ahoat this hoer.I hb een shown that no depotzrmnatie 8tctiatmiss,

weimtaxed at X.bsAn, in asociation with amplitu~de flutuations.

3.8. Faraday rotation

Ionospheric Fradayj rotation 5s negligible above tO (IlHz.

3.9 vi6oppler fr qeenry shift

Doppler shift due to diural changes iA total etictron content Is less than oze-tenth of a Herts at 18 GHs, arod negligible

3.10 Itay bending

Ray binding due to the ionosphere is negligible above t0 GHs (Mlobuchao. 1983).
On the ithei haid, at millirnrte-swave freqneocies, the itmzosphere is aheorptive; dispersive, tad bihorisnogee Becauso
of the lohomogeneity, rays awe bond by refraction, aod hectineof the dipisof, the amnt if heading depends on ther
frtexuarocy. Heoce the path length betwreen two terminals depends upot frequency. which yields distortion. An effeoire
refrartivity baa heen caloolated to do the accountiog (Ilufoed. 1088). A conform- I transfotrmaion a uaed on fuattions

satisfying ~ ~ Wa Ltoot ejto.U iogLebe'sra-del for the atmoosphere, the frqericy depondence of the real and Imaginary
parts of the dispersive Patt of ths iefractivity has been caiolated., The result is that the hending ieet is neglioble for
fireqoeriroe helow 202 Gift.

4 §Stem ,irnplicatlons for a quilt atmospherea

4. hi s ad iplItude dispersion In the 30/30 GHx band
Amplitude sod phase dispersion have hero measured for over a )ea otta 19 tad 28 (1Hz earth-spa propagation path
(Cox et a] , 1980). Amplitude and phase diferenree were compared for a 28 G~to catrier with * -264 MHt sidebas;and oa
t0 GHz cirier, a11 tri.snttW froma 'COMSTAII satellite. No frequency selective fa~ding was foiind of the type caused by
nidjiith proprgaiiir with a lavgespmi~d IA tint dely or l'iroiaies of tbe propagation ridiojo. The onty fvrquracy
d"enden"e were'dui to the hulk properiosof' siter Ili rain1. D~ctin dictuation events; there'wis to jigniticoat phase
Aocieation. This is Cosastent with the oheeroativo of A high correl0A Zrong the amiptitode itions Of the 10 and
2S Gilt carriers and the sidobsads. Indicating a very broadband scintillation mechanisms:,

4.2 Impart on digital satellite commuations

There is an Interest In wsing wide (iostananeous) bandwidth systetas. which empioy (1PSK digital moduolation schemes in
a TDbIAformat accompaniod by a requirement for low error rota. itenre the Impact of atmosipherir-induicrd dispersion
on the bit error-rato of wido-b'and digital sateliie communication laks is of great interet. A number of calculations were
made for comparison with Available asoaned results IA the range 10.-0 GOx (Stutman et &1., t19t). Simulations were
ratwith clear air, rain, rain, and t10A homidity, and rain and 100 % humtidity, for both single and dual polarization

d~e~ltO Fro the resotta, it apprirs that the doprniv effecto~of the atmosphere trod not to he considotd in
systeri'deisn It the ang 128 OHs, while depolairatiot does, degrading the heh performnisce byt dB at high errr races
iiadapi te l at toe eor. Ata (10-0) which 11ir~it.FtooI shows the reqoted increase a tartwer~too ratio
in the pretence of on Inivolerr of level XPI. As. resoll, th; linear phse uaratirm axe non-daisprive, bot the ionoostsot,
(with friqancy)'aotphioi ,ritdis or thr atmosphere a, dispersiv e. Thus, the quiet titmosqhrro ma y be expected to
hive small irton, OPSC systi In thi 10-28z tfiooiprne

4.3 What It ethe best* freqsenicy range

A fair amounit of controversy has been going on for years on the poenihies we of millimeter -ave systems Moe stimlating
to i isssstin ott the adrantage and disadvantages of the main three ratege below 2011:. the 2$ Gllto-a",adni o
the 9S Glit-wrndow. The riomhiwitlooaiof iprrad-4ecram coneiojiisis wide frequency allocation, the concern abouit
intetferrncetthe availability of good igfrtocyreflectors, and the trmetndoos pengrassm semicondootor technolo,
is opening AMet '&asd offeing new ompromises.
Goou4 models are tow available for gastm iosphric attenattot and rain attenuation in the =soe to to IWO CH&s it
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is itrestin g ug to oote chat reults may be qusta diffrent for oudevout And for high avoalilltty. Flaws 12 shows that
fae amderatoeallohlty (0%).. W )rantarea(GCstSttwlinthe US), rai too teast IT eLU;ai
can stilhe aedd t high frequoency (7.3 dBa V7S Gil)hhnot t llth e ase for al h igh al y (W " )
reqoireatmts (Fig 13) (llama

1 
cAt , IM0), ehere the rain attentatot shouts off the..si. This. situaton changes

drarmatically if dual deersity Is modl where, at the samet freqwmy (17.S Gilt), the Atteuoation accostt for rosy 3.1 d
for 99 % (Fig. 14) And oly 7.3 dB foe 00.89% (Fig. IS). .0W theaktk.

The hanrs, show that, in a high rain region, the frequency seletion should be less t..n 20 Gl~s In order to keep the

sorce. Air entirely d'ifrret rieslt appears. Not ossly does thiomain heam. solo loresae with freqrscy, s 1 1, but toe

idelohes, This brings soother I ,dstg heacs a total 1' advantage against iettrferesoce. Fiure 16 shows tateofereca

algoo As mintimuted it 32 Cl~o for 4 30V eleation aozje with4 bead miolotm showiug that . chos 23S40 IHa 6s
reaonaoble for 99 % aeoIlUhIty.

Foialy. in addition to the bionning spatial discriminoation afforded hy highes. (requveck, the .locatresyctrust. for
satellteteeiocroasea approcimattlya /Il ((rot. 0. GlIz.at X-hand to or 2 A; t 43 G~s). The corohiratiosolspatial
discritoistatioo and spread 3OeCtfrm Advantages yieldsA approximtate 11 sadeaotoie over ott uplink interferenre swoe..t
the go GIL; hand wuold hwio ooptreers rth An diversity. Surprisily rosigt, it Is already competitive to dotal
diversity (Fig 17). 0f curse. there is A price to pay. to the aheolute seooe of the word.

5 System implications fora turbulent atmosphere

3.1 Influence of omplitod. fluctuationso on digital conounoocatloot systems

Veariocs single hop satolboto systems Mloing Meditetraoeart, And Fast or West cesioumo (eg. Japan. rod U.S. West Coast)
have ben planned. The operation of such hlak reqaires for earth statrons with low elevaton above the homor, (ito thor.
to') Sooara her-clevtooi conditions will often he met for &Ir, rod ship,,atellbte coomooic.tioos (e.t INidARtAT).
Under toth tortiliions. amplitude doctuaotis too he espeially hetemse, At freqorotiro frotm I GHt op to miuateter-wae
frequenries. These luctoatlo. my disthr various parts of the systems, in particolar sttp-trachersi aod demodolaturs.
Amplitudr fluctuations appear toit receiver s toodoot eaeiatiooo of the input keel. op rod does, the norminal valioel For
a giveen stoemt. the Intensity rod bandwidth. of these ductoationt depeod upon the motooitolc1 conditons,

A fast-ooeorsuog method to calculate the hit-rtor-rate doe to sciotdllationar Iha recently hreo proposed (Menuo, 1987). for
a CPISKI moduatioa system. At mcrowavs rod with moderat trooers windopecida. the bandweidth of stioatilloion
proess Is of th. order oft IOH. yiliding for most comuicruiatioo purposes two distioct classes, enhancemoents and (odessa,
rspectively uragrdoo ood dsograding the DER, Extraolation of sciotillatioto measured at0110 Gil. on the SIRIO satellite
Is wed to calculate the HER doe to scintillation fading (tount Boo 6S. I$), ao compored with line G, doe to thermal
one Alone whirch can he considered As, the looser timiit for the scintillation enviroomert. The dotted are 00 the figure coo
ho cosideredfoa the poible devadodt area doe to floctoationa, froom hight elevation downo to 3-0'. Hlrce tropospheric
fitutonos may saiflcattly decrade the performance ofsotelhte system ope.ating to temperate timoats At loee~elrvoc
augfits.

3.2 A physIcal model for fluctuations

The resolta presently obtained hy the experimenters ome of a stotistical nature, they ore comioterit with the throry of
rodruovave proparotio he a turhulent medium (TotanshO, t971l).
The anthors hove established o mtodel, choitutertaheg the tutbhokot atmosphere by a timharying rnafer function, with
sa; paramrtet she receiver roteoro sit, rod radiation pattern, the frequency. rod the geometrsca] rod electrical parometers
of the medoos. The model considers the fluctuations, s cloud oohomoaeretiea . heosie dielectric inhomorcitoeo . pasing
through the Freaels$ romNOf the hol, yielding mobipoth prpagatio (Voohoeoochrer, t307-1. 1907.2. Vooder Vorsit eta&I,
1087), The at"p have heen the followiog.

1. the euperloteotol atudy of ampictode fuctostiosa of satellite heacona

2. the choice of a model compatie with atmospheric physics rod the experimental rooults

3. Ht teat of the validity of the model when compared to m~easured resulta

4, the rot of the model to predict the tifoeoce of the varous parametere oo monchromatic sigrnals, rod on compote
sigoalo% hhe in HIDTV.

The model is bated on the geometry turbulent cells crosoog the link ore represeoted hy complex permittivity iaho
moqettit passing through the Freundls srom of the opAce-eeth linh. It Includea the complex. dielectric coostant. the
thickness. sloe, rod grometry of the tells, the eatodapee. the oltitode of the torhuleoce, the sitte cf the toterms, the operettas
frequency, rod the handwidth. he the tO-t20 Gila frequency ronge Mathematicolly it bistet over the aloumogeoeotces;
rod over the toter.. aperture.

ANesgoete r d(Sacrbe Us ce3mll,,t * cliur Perttitwy tightly different itom that outside of the celks (Fig. to).
cell,& at oldthe order of I to 10) mn. at..n olltde Aroond a hilometer. The complex permattivity dependsa upon ths wooer
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Figure 20. Ge-eetry for Calcutating the trffr funtRi
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with wo  field in the absence of the inhomogeneity
d thickness of the dielectric cylinder
S : cross-section of the dielectric cylinder

- 2nl vaveniber in the vacuum
R -d d2

Y - ko. c ko 6 '2

I + 6t' - J3 6" relative permittivity of the cell

figure 21. botrssi6 of the scstlr fietd at a point ecslver
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content (watr vapoor d some hquld water). vth a differen of the order of 10
4 

with respect t the iruarondirip. The

height of the |ihomogeos, layer Is lrom 2S to 2600 t : It coresponds to the base of the clotids, The geometry of the
osell i taken as cylindrical. Covoc6:tlo, tdeed, Indoces a geometry which is vertically eloated. Sphere, however, cor

be handled by the program. Fluctutions are obtained when the cells are passing through the Fresel's 2o11, especially

the first e. The onfiswatiom is howi at Figure 20 Figure 21 gitve the eopreition of the salr field at a poit receiver,

whde Fitsre 21 gives the mean ice field, in the case of parabolic mates- with uniform ilumioation and d1mter

D.
The difiulty, snd th originality, of the problem hes to the fact that three mals parmeters are of the same order of

magnitudet

" the diameter of the first Fro cels zone

" the diameter of the cell

" the tia lobe of the aatenoa.

At ceotimeter wavelength, these parameter are Iodeed of the order of tO meters. Modelling the fluctoations on an

Instataneou basi yield. a trasfer function, varying in time soe the roll. are moving at the wIrdfpeoed. n some cates,
the traonsfe function yarles very mth with frequency, due to the combined effect of the three teain t.'eromenra:

" ;he change i radio of the Frenels ones, as a funtion of the uare root of frequency

" the pLae shift acroas the doekctrc cell, almost proportlonal to frequency

" the radiation pattern of the aotenoa, with It first sew itoversely proportional to frequency.

The Combinatton of the three effecto leads to some surprtoog results, il particular for the group delay, which my be of
the order of 20 nanoteinds over a bandwidth of SO MHz.

Some prelminary mcoaItns are the followin, for a ingole centered tell, s a function of frequenecy between 0.1 ad
5O GII:

I the period of oordlation is maioly afected by the diameter ad not by the thicliees of the cell

2. the vaiatdon of the group delay is qite complicate sod tanot easily be predicted from the parameters

2. the first zero of the radiation pattern lattens the amplitude of the ftuations over some frequency rnge.

Figue 23 shows the transfer fuct on [A amplitude sad phase, and the group delay, from 0 1 to SO Gift (t m-dsh receiver,
21.2 to diameter of the cell; 2M m cell altitude, 22 0 te cell thkness).

It may be concluded that fuctuations ari obtained when dielectr c inhomogenelt es. due to water content mhomogenettes,
are Crouotig the Sint Ireeel's zone of the nk. The model hat been satlisfatorily tested on a bidzmensional tell network.
Impulse ad swep-response of the fluctualtg medium hove been talculated, ad the model tan be used for composite

signals,

6 Conclusions

Coin to hither frecqiooces raiss new questions. It is assotiated with Lrodbading whkh t also subject to new dificulties.

Hligh frequencies are competitive with lower one. Quiet atmospheres are de crihed by already existing model. Turbulence
In the atmosphere, however, may harnM sytes at tmll'meter wave.
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SUMMARY

The features of HF terrestrial and aeroobile widabandsystems, all of which use Ionospheric
propagation or are interfered with by lonosphericaliy propagated signals, are outlined.
These systems include radiocommunication (predominatly digital) and HF radar.

The limitations imposed by ionospheric propagation on the bandwidth of such systems arise
f ra:

I Mode changes
2 Hult ipath
3 Faraday rotation
4 Doppler shift
5 Doppler spread

These properties are discussed and their implications for systems illustrated by means of
the scattering function and oweep-frequency sounding data.

Other problems.of the ionospheric channel are atmospheric and man-made noise, and spectral
occupancy. Noise is briefly reviewed, but special attention is given to spectral occupancy,
with the inclusion cf measured statistics and a mathematical model.

Examples are given of wideband communication systems using frequency hopping and chirp
signals. The measures which can be taken to sustain operation in severe spectral congestion
are illustrated.

The rather different requirements of HF radar systems, both sky-wave and ground-wave, which
demand the achievement of very wide dynamic range and Doppler discrimination, are alto
outlined ad illustrated. The effects of Doppler shift on target echoes, sea and land
clutter and the severe problem of auroral echoes, with their large Doppler spreads, are
presented in relationship to hand spreading techniques, In particular chirp and direct
sequence.

I INTRODUCTION

The HF portion of the spectrum (formally defined as 3-30 M or 100-10 m, although for many
purposes extending down to 2 M¢z), Is that frequency band In which the reflecting properties
of the ionospheric layers are used to achieve transmission around the curve of the earth
at modest powers, without the need for the satellite relays of higher frequency bands or
the massive antenna systems of lower frequencies. The attenuating property of the D layer
of the ionosphere and the reflecting properties of the E and F layers vary with the tine
of day and year; but permit communication to world-wide distances, provided the transmitting
frequency can be changed at intervals to keep step with the diurnal and seasonal migrations
of the available operating hand. This hand is limited at the low frequency end by the
lowest usable high frequency (LUy). The LHF is governed by the signal-to-noise ratio,
which Is determined by the transmitter power, antenna gains, the signal attenuation in the
Ionosphere, and the noise level arising from atmospherics and man-made sources. At the
high frequency boundary, defined as the maximum usable frequency (MUF), propagation is
limited by 'electron limitation', the escape through the E and/or P layers of the obliquely
incident energy, which at lower frequencies would be refracted back the receiving terminal.
The HU? changes from day to day, and the optimum working frequency (OWF), also known as the
frequency of optimum traffic (FOT), Is defined as the highest siy-wave frequency that is
likely to propagate for 90% of the days, for a defined path and time. Empirically, the OWF
is usually taken to be 854 of the HUF.

The propagation factors just mentioned govern all sky-wave communication and radar
activities, and also govern the interference level in ground-wave system. However in
widebnd systems, additional constraints, such as coherence across the hand and spectral
occupancy, control the feasibility of operation and It is these constraints and the
consequent practlcability of various widehand systems, which concern us here.

A general review of wideband systems has been given in an earlier lecture. Special
constraints arise, however, In HY systems using ahy-wave propagation due to the time-
variable, multipath environment and we will list the different types of wideband system and



then relate their essential properties to this sedium.

Widehnd or spread spectrum digital signals 'my be defined as those whose processing gain
fo uth greater than unity, where processing gan Is the (bandwidth X bit daratios) productfor tha signal.

Such signals my be brodly divided into 3 bascl types (1,2,3,4,5):

I Direct sequence modulated
2 requency hopping

3 Chirp

These offer the following posible advantages:

1 Selective addressing
2 Code division multiple access
3 Resolution of aultipath components
4 Inherent privacy
5 Low power-spectral-density
6 Interference rejection

At HF, the low powe-spectral density my not be an advantage when independent transittere
and receivers are close to each other. Also, the Interference from other uiP users may be
too svere for useful rejection by virtue of the signal processing gain alone.

During the last 30 years, spread spectrum comunication system have bee constructed for
HF operation (6), with published bandwidths as high as I MHz (7). These have had
essentially specialized tactical applications, and in general spread spectrum systems for
comaunication have not gained acceptance At HF. This my be due to the comblned factors
of performance, difficult instrumentation, and the ethical and legal constraints of using
a wide bandwidth in a congested spectrum without international agreement on frequency
assignaents for such systems. Such difficulties have been overcome In other bands; for
instance the '01S' scheme for public nobile radiotelephony in Europe incorporates spread
sectrum techniques. If the advantages of spread spectrua adoption were to become
sufficIent, no doubt they could be adopted in the HF band also.

For radar systeas at H, the demand for coherent Doppler velocity discrimination in order
to achieve sub-clutter visibility of targets dictates a requlrement for coherent integration
for a period of seconds, and a dynamic range of in excess of 50 M. This limits tie scope
for frequency agility, beth to achieve useful Integration times and adequate signal-to-
interference ratio. However, there is a strong motivation for using a wide bandwidth in
that the range resolution that can be achieved with the normal comnunication bandwidth of
5-10 hHz is less than would be desirable for target tracking.

From what has been said, it is clear that a good understanding of the radio environment,
propagation, noise and interference, is needed for the proper assessment of wideband
techniques at HF. We shall therefore begin by a survey of the environment before returning
to systems.

2 THE ENVIRONKENT

The enviror ment exhibits three major aspects; propagation, noise, and interference from
other HP users. Each of these will now be considered.

21 Propagation

Figure I shows a typical scenario of HF communications and radar operations. In figure Ia
we see two main ray paths, I and 2, from a transaItter T to A receiver R by way of the E
and F layers respectively. The E layer reflection has the shorter tise delay and a positive
Doppler shift due to downward layer maorion, while the P layer reflection has the longer time
delay and a negative Doppler shift due to the upward layer motion. A third path, 3,
involves side scatter from Irregularities on the earth's surface and will have a spread of
time delays and (in general) a spread of Doppler shifts about a man shift, duo to the
undulation of the layer and the differing geometries of the various scatter paths. Finally,
path 4 represents scattering from magnetic field aligned auroral irregularities. Suct'
irregularities have high velocitles and give Doppler shifts up to 10's of Hertz with a
upread comparable with the sean.

The scatter modes have strengths typically 20 dS or more below the dominant leyer-popagated
modes and can often, therefore, be neglected. However, if the main nodes fade out due to
electron limitation, the scatter nodes, with their large time and Doppler spreads, can
becomes doninant.

The figure also shows a ground wave ship-shore ccoaunlcatlon link, with the ground-wave path
showneat 5 and a sky-wave path at 6. in both sky-wave and ground-wave links, sky-wave burne
interference can be present from other transmitters, multiath modes being alto possible
for this,

Figure lb shows an HP radar operating with transmitter T and receiver 5 separated, but close
enough together with respect to the target range to be considered sonoetatlc. Echoes are
received from the ship target by way of two paths, one refracted by the E layer (positively



= sop~r- shifted) -and -one-bythe 7'ae oei~ Do Se shifted). Therd, Will
additnu'.all- betos d..de, u by -back B lalot, E - back by'F. Thse will

have ident!cl path~l .lgt rn4 Dopplr shIftc(forE ccted tranesitter and receiver).

lOsne hepus dua ion laec-scattreechoen frc auoa~ce aities are 'also

In addition to these effects of the envlroset On the wanted signas, the receiving antenna
will pick opatapheric ho..e,.man-made Doile* and'interferance.from other transmission*,

Il we*ighted by the antenna directional reooas in the direction of arrival. Before we
cons ider cli.. and Interference; we will discss the propagutlon effects On the wanted
!Ignsis,

2.1.1 The-scatter~ing function and Its Application.

A useful representation of both the tias-delay and Doppler shift/spread in such propagation
environnents (8) is Iliustrated in figure 2 (9). This is the 'scattering function' and
churacterises the received power &n a firiction of tine delay and Doppler' ohift,

P(r,f') - $ %,f. dc df*.

PIgure 2e shows the seasured, scattering function for transmission from Swindon, U.K. to
lilgoland, F.R.G. under Undisturbed Ionospheric conditionst the time deiays and Doppler

shift for poaainbwaofKndFlayers are identified. Two discrete delayed pulses
era denifible itha rlatie dlayof 2. s and A relative Dop~pler shift of 0.1 HZi.rigos-b, afAIn shows tw-dscet puls eches 'With the-ditowf a dispersed side-

scattered echo, from Ionospheric irreulrties. The two diceepus I( hop Fl and I
hop Fl2 * I hop 3, Identified as ) differ 11n tie delay by Inms aud In Doppler by 0.3 Hzs.
The side scattered energy In spread over 4 as an 1.1 lit.

Figure 2c shows an example of the scattering function Observed with a sky-wave radrr (10).
For convenience the time delays are expressed as free a~pace range r, equivalent to 110 ks
par millisecond. Tha total sprad in-tine delay hers Is 28 ns and the total Doppler spread
3.1 Hzc.

iWs can estimate sons characteristics of the wideband channel directly frc. these scattering
function plots by sinpie arguments. First we consider the Interference of two continuous
wave sigalls arriving by different paths and the variation of the sam of the, components sothe frequency in changed; this results In a pero pattern of minima of signa 1 strength
across the frequency band (figurs 3a). If, for aV transaitted frequency f. and free spare
velocity of propagation c, the two components have arrival tims differing by T, then the
path length difference between the, Is CT. If the frequency Is now Increased by Of. whiie
the Ionospheric configuration resume stationary, the number of wavelengths Xi In the path
cT wll Increase by,

ONf - di if - d (aI) if - dIfTIOf -T Of

Thus for one extra wavelength of relative path length (8il - ), corresponding to the *pacing
between two minima of received signal, the frequency change east he l/T HiZ, or 1 kiLn f or
I a of relative delay.

If, in-addition to the relative tie elay between tho components, there Is now a diffozence
In Doppler shift of Of~, the relative phase between the compoents at received will cycle
through 2R every 1/6f seconds. The Skinisa will now travel along the froquwnry hand, one
sininna moving along to tabs the place of the next In 1/6f, seconds (figure 3b).- This 15
the phenomnnn of selective fading. failiar to short-wave broadcast listener*, In which
see*rs distortion of an aplituis sodulated broadcast signal occurs as emma or nulls nove
through the signal specrum, causing the carrier to fade out teoporarily end the eidebands
to Interfere. For spread spectrum signals that depend on preservation of phase coherence
homess the frequency band (e.g. direct sequence or chirp as opposed to frequency hopping),
this phenomenon can be catastrophic unless equalization or other resedial action to
undertaken in the receiver.

The siope rgsnte ahove have assumed two soda onlyi the nalysls can be extended to
severaldsrt oe or to scatter sodos by using Fourier Transfoce slationshipes between
the power-Delay and Power-Frequncy response and between the Power-Dope hf and the
temporal autocorrelation function (Ii).

2.1.2 Propagation sounling and spread epectrun

The scattering function characterication is valuable for HP operation over a frequency band
for which the group delays of the different components do not vary significantly. In

Ionospheric propagation, however, there are significant changes in the sodes of propagation

as the frequency approaches and noves through the NV's Of the I hop, 2 hop and nore coupletmodel. Another phenomenon not adequately characterized is Faraday rotation, a polarization
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rotationeffect caused by-the effect-of the Earth's mgnetlcfleld ona.wave propagating
through the ionosphere.

Thise fiatures of icocperic propagation are evealed by .weep-fequency obllus incidencelonoapherIc osoundng esperimentr . Conventloaloblique :sounding, whether by pulse or
continuous wave technique, reveals the sod, changesas layer penetratIon occsrs,.but a sweep
time of 10 to2300 seconds isjrorsally too slow to shOW Up any fine scale spctral-strctur
varying~on a time scale of seconds. Figure 4 showeatracng oI such a slow sweep sounding,
with computed time delays derived rc aaid-point soundlng overlaid the tme delay spread
of the arriving signals at'a particular frequency can be seen to extend up to 10 me, while
thechangm.of mode are clearly, identifi abl. The figure reveals the coaplexity-of the
sultIpat -structureat-H?, even-when phase bohavlour. isignored.

An experiment, aimed at characterining the amplitude, phase and sultipath structure of a
wide-hand signal received over a 234 k path and on a time scale of seconds was carried out
in the U.K. by Salous and Shearman (12). A digitally-synthesizd CW transmission sweeping
at I qz/s over a bandwidth selectable up to 5 MHl wee repeated at 10 s intervals. The
transmitter and receiver were both synchroniaed to rubidium frequency standards, the
received signal being mixed with a swept frequency local Ocillator, digitally synthesized
like that of the transmltter. With such a system, the receiver output yields a steady tone
for afixed path delay.

For a number of path delays, spectrum analysis of the receiver output produces an
ampl ,udegfequency plot rorresponding to the amplitude/delay plot which would be obtained
fre a pulse sounding. If the frequency i r a t alysitil reea th eco tructure which woldbob.tainedrwitha dpulseh soundingc withapue

length r 1/8, in example of a series of'suchfampli.tu!6de/dely plots obtained by lls:
overthe 234hapathmentionedabve appears in figure 5. This was processed by analysing
125 blc segments of a continuous sweep, to give a resolution of 0 ps on the tin delay axln.
It will be seen that for this single hop, F layer propagated path, the time delay increases
non-linearly by 1 as over the 4 M zxband as layer penetratIon is approached, and the
arriving signl splits into two magneto-ionic components with time separations increasing
to 0.5ms.

An advantage of this 'swept frequencycontinuous wave' (SFCW) or 'chirp-sounding' technique
i. that If the-receiver output is recorded and digitsed, oblique onograms such as figure5 may. be prduced off-line with delay and frequency resolution chosen at the time of
processing, rather then bing set by the experimental parameters. In this experiment, two
further choices were made; single-hop data only was selected for processing by filtering
out ths two- and three-hop modes and an interference-excision algorithmwas also introduced
to eliminate frequencies coinciding with broadcast and other Interference. (A pulse sounder
with the same time resolution, 8 ps,,wuldfindvery few 125 hz frequency slots clear Of
interference), Both these technlques are also of use Is spread-spectrum communication,
where the use of the wide-band properties to select one multipath-free mode from the complex
arriving signal permits the sigalling rate to be greatly Increased, while Interference
rejection is always of crucial importance in-the.HF band.

So far we have looked only at the tine delay structure of the path response, Figure 6 showsset of amplitude/frequency response for a sequence Of 20 sweeps, the
sweeps being made at 10 second intervals. A 2.7 MHz span is covered. The key feature to
note is that In spite of the elimination of two- and three-hop nodes, which were the source
of frequency selective fading discussed in section 2 1.1, the signnl still exhibits deep
fades as certain bands are traversed. The record has been analyzed in detail elsewhere
(12), where it Is shown that the remaining frequency selective fading is duo to the presence
of the two magneto-Ionic components (ordinary and extraordinary), whose relative time delay
is usually too small to resolve satisfactorily. It will be noticed that the low frequency
portion of the records, 5-5.9 MZ, exhibits very little frequency selective fading. This
area because, at low frequencies, the extrordinary coaponent of the 7I reflected path was
heavily attenuated compared to the dominant ordinary wave of the P2 p th. When penetration
of the F1 layer ocurred, the two F2 layer reflected components were of more nearly similar
amplitudes and fade depths of 3 to 15 dB ocurred.

Such evidence shows that frequency selective fading between different layer hop aodee can
usually be eliminated using the dalay-time discriminatory properties of a widehbnd signal,
but the magneto-ionic Or Faraday rotation affects often define the widest coherent bandwidth
of the medium and therefore set a limit to the comunication bandwidth. This topic
therefore requires special treatment here.

2.1.3 Mogneto-lonlc effects

In an ionosphere without a static ma netic field preaent, the refraction of radio waves
would occur in the fashion of the ray iagrams shown in figure 1, with a single ray for each

=od o prpaatin.Wih a static mgetic field present, prowgto of 0 ' ircularly
polarized wave travelling along the field direction will differ arcording to the sense of
rotationa if the sense is such as to make an electron gyrate around the teld so that its
radiusUn iincreased be the 3 X 1 force. it wil5=expernean enhanced collislonal
ab0 o d re ractive Index, this is the extraordinary component, It the
$es of otation is revered, the absorption Is less and he refractive index different.
Corresponding effects are encountered for other directions of propagation relative to the
mgnetic field, but the two characteristic plarizat ios wil1l now be elliptical.



the direction relative to the Earth's magnetic field at that location. These will then
The sthrounhr thp Ianephere, undeoing refrction aadt phase
retard tion appro t their slightly different refractive dric on. If the transmission
a s ient n to rsolve the corponents n time of arrival, a n o ra

of figure So sur, ret rdaton, absorption and phase rtardatoneodfhid a ly.
If the transmssion is continuous voor narrow-band, no time resolutiontwall Occur and
the two hc I rtents ie a ctorally For circulad sparct cfrncer1 tic waves,
thesefctorTs nIt litary po rized and'the orientatlsuin.orizationsrotates a
it traverses the ionosphere (fiur e pA near recia vingantend a will fo exited by that
component of the incident fie d p aried to 1 d he

Now, if the ionosphere varles with tie, one of the magneto-ionc , lponents wall suffer
phase retardationary tleeave wotatten relat ive to the ly othe o maon tf their

orinr P2wv. nmstcaios the i c o then bandwdh ef the or dertati f

vector~sum will, rotate~progressiey te hecnon of Faraday, rotation,. The ,votage

dcod In-the linearantenm will therefored were thediffer e nd phase path etweenantidshow~the effect, aean ,in~figur 6- If we -follow the history of the voltage at, on.

ortiularfrequvncythroug sucessive sweep samplas.

IA-at one nstant t fr om the scoher nt aced u th Faraday r botat on effect occurs, as is
seen by frIlosinse.the igtre o th ie resoe at. dfrent feqngle frequency sae
chrate at which fades our s governed by te relatve rs Of change I. This path

oa the two co imonents.

2.1A Coheren handwidth and pulss dstortion

Mast m apt areteo sings provide lnfo tion ai the data rates in tr te icable

with coherent ci e auch a direct sequence spread spectrum. Reference 2 discussesthese factors In the light of the above experimental soundings.

Inspection of figure 6 slhos thatsthe p arization bandwidth, defined for this purpo asthe andwidth between -! 1 responses, vare between 1 M~z and 4 kHz. The largest ohrent

bandwidth was only observed In October and was due to the shallow fade" lessthan 5 ds -
when the extraordinary I wave was attenuated relative s o the only other component, the
ordinary F2 wave. On most o und inthe aove e herent bndwidth was of the order of
loip 0r1tz. osuch a maximuo uchi s ch a hre difference in phase pathbeteen

mosrdinary and extraordinary ndespassed through a min re, giving a am" relative rate of,hang*.

A eqsntal o difz h ero a othecohrnt adidthparameter, but 
relatable to it is

th Mit resPrry()Fhasrepo te oespssem diere to fequlenion sheric
channel to I is pulses as deduced from the s1epnMfreqbnncydsouidth.f fiure 5. This mkes
clear the t e separation d r the ordcnary andex ordinar yial pulses as the Uddt
apo e ad in the ti e spreadingfnce infers unw cot onnts arising from thevariation of group path across the bandwidth of the pulse.

2.1.5 syste i plictions of path sounding data

Milsomand S oatos (1), us nig a rul: p ritudeimpaIrent criterion In ters of the slope
of the group time dlely, f) eto sune(14)), glve as the limiting direct sequencespread andwldtn, C, 

I 
I /(chip rate),

c, - al ,)

nhie a 1.5 for a 3 d loss In signal-to-noise ratio, and the dot sgn fies

difren ateon wth respect to frequency.

The authorsqut t ypo a figr for t (f) of-200 "s/a oro aIon at O.S5 of the MU?
anihovr500 and 00 km paths under vari. ous onsheric €o.nd~tIons. This value is

In agreement with the values found In the above experiment,. wi!th tis va lue the limiting
chip rate Is of the order of 87 X chips/a. Such a chip re wa sd An the oxperimenLal
mde developed by Schmel and ince at sHAPE Technical Centre (15).

we note hern that system have been demonstrted, which measur the response of the channel
and equalize this over a wider bandwidth than that achievable under the above criteria.
At Mitre, Ferry (7) has regorted tests of a system detigned to equalize an ionospheric
channel over a I Mc~z andwi th.

2.2 Noise

In addition to time varying dispersion, the MF channel is typically limited by additive

nots and Interference, wher Interference infers unwanted signals from other HP users.
The linearity imperfections of the receiver (generting unwanted intormoduitton and cross
modulation), and reciprocal mixing terms, are not considered in this aper,

The ideal minimum noise level Is the thermal notese level of the receiver, plus the thermal
. no,$* level of the antenna. However, at HF, external noise received by the antenna usually

predominate., where the externa I noise consists of atmosphex.o, galactic. and mn-mad



noise. Figure 9 shows the relative levels of these.noise sources as-a function offrequency, as measured with a short, cen-directional, vertical antenna. !

Figure 9defines the not$& level by F., the ratio of noise power P. to the corresponding
thermal noiso power.

F. " 10 1.0 R id

Here X is Boltzmann's constant (1.38 x 10"
2
2 J/K), T is the reference temperature (28Sf),

and b is the noise bandwidth of the receiving system (Hz).

2.2.1 Atmospheric noise

The sources of atmospheric noise are lightning discharges throughout the world, typically
travelling long distances by sky-wave paths. For a given thunderstocs activity, the
atmospheric noise level received at a particular location depends on propagation conditions,
and hence a diurnal variation, and longer tem variations occur. Thunderstorm activity is
highest in tropical regions, where the noise level may be 15 dB greater than for latitudes
of 40*, while In the Arctic region the noise may be 15-25 dB lower. laise maps are given
in CCIR Report 322, which else gives details of frequency and time dependence. Atmospheric
noise is greatest at low frequencies, and relatively unimportant above 30 'iz.
Galactic noise originates fro radio stars and the galactic halo, and may exceed the
atmospheric noise level at frequencies above 10 loz. At the surface of the earth, galactic
noise is only observed when operating above the local vertical incidence critical frequency.

2.2.2 Man-made noise

Man-made noise generated by electrical equipment may be significant. This is essentially
propagated by power cables or by ground waves, and can be substantially minimised by proper
siting of the receiver.

median values of man-made noise are shown in figure 9, as curves A to D, for businss,
residential, rural, and quiet rural areas respectively, where these areas are defined in
CCIR Report 258. These curves correspond to measurements made in the U.1.A , and U.K.
measurements indicate that D is appropriate for rural areas, and that the corresponding
curves A and B are lower that those of figure 9.

a forts have been mads to nodel nan-made noise, =sing Gaussian and Chi-square distribution
functions, where the appropriate nodel is dependent on noise measurements made at the
particular aite. The models may be used to predict the probability that the short tarm
signal-to-noiae ratio for a given communication system exceeds the value requiied fo
succossful communication, and ore given in the sane CClR Report.

2.2.3 System implications

The properties of noise and its effect on coraunication systems are presented in CCIR
-eports 258, 322, 339 end 670 Also, CCIR Report 894 gives signal field strength prediction
techniques, to enable received signal-to-noise ratios to be estimated, and system
perforances determined.

The received signal power P, is given by

P, o It I G* + 0, - L dBw

where P. is the transmitted power, G,, 0, are the gains of the transmitting and recei,irg
antennas respectively, and L is the path loss.

The main conponent of path loss is the free space lose, Ls. resulting from the divergence
of the signal as it radiatos from the transmitter, and Ideally given by

L, - 20 l0 o , 1 } do

where f is the radiated frequency, and d is the path length.

This is essentially the inverse square law of optics applied to radio transmision, and this
ideal formula assumes that the atmosphere is uniforn and non-absorbing, and that the earth
is infinitely far away, or its reflection coefficient is zero In practice, the modifying
effects of the earth and ionosphere need to he considered.

An I portant property of the detection of digital signals in additive white Gaussian noise,
is that the probability of data bit error at tho detector is ideally independent of signal
bandwidth, which is a fundamental requirement when wideband signals are to be considered
This property follows directly from the classical theory of notched filter or correlation
detection.



However, different noise sources at HF have different statistical properties, and thereforewill affect systems differently. For example, galactic noise ma be assumed to be white
Gaussian, whereas atmospheric noise Is essentialiy spulsive, aY Gaussian only at lower
ampltude levels (1). n-mde noise Is also often Impulsive (18). HFun eat on system
are usually eru ed f to enear optimum In white aussian noise, and their perfornce In
10u,01vo noise vill channels the peticlar gna oesino gusd at the receiver. For

'spler i a chi n te maye e xp e c e to be eaai he fo shyu wve n o i, a i the m tched
filtr ailght the 1 ilr n l t ch .put .Ignals, dispersing the ipulses over longer
time Interval an H th3reeong their peak valoes.ch

2.3 Interference from other HP userc

The HP saaotrtm fo3ly xe fromn 3-30 MHz, and can idealyaccommodate only about
1000sprt oc hnnels. However, at any one Ile prpgton conditions do not

permit this entire range of frequencies to be available for sky-wave communi~tion,

Also, at night, the available sky-wavo spectrum typically reduce re lative to daytime, due
to the fall In MOP, with increase d occupancy at the lower frequecies. 'This is shown in
the Si spectra of figure 10, which shows typical day and night winter spectra. At night,
signal levels are higher due to the diminished D layer of the lonosphere, which is an
absorption layer only.

Interference from other HF users can be a sajor cause of unreliable HF communication. As
examples, Pierce has noted noted the effect of interference on data links operating over
640hapath, and over a trans-Atlantic path (19). Also, a conclusive appreciation of the

effects of interference was obtained from the extensive 'zcnon user radio-transmission
sounding' (CURTB) expriments on automatic frequency management, where the outages due to
interference exceeded those duo to propagation by a factor of five and accounted for as muchas 25 of -..ssaes lost (20).

The ability to detect a data signal in interference depends on the ratio of the signal power
to thj interfering power, and on the similarity between the signal and the interference.
A data signal of bandwidth F and duration T has 2FT independent values, and hence the
dimensionality of the aignal (and the freedom to mahe it different from other signals) is
increased by Increasing the bandwidth. This implies that wideband signals are less likely
to be smilar to noise and interference. However, wider bandwidths accept more interfering

M r, and in the absence of interference rejection filters at the receiver, the possible
advantage of wideband systems at HF is unclear. The processing gain of-the wideband signal
may be Insufficient to counter the total interference power.

Much effort has been given to the characterisation of time varying effects of the
ionosphere, and also of noise, but less attention been given to the characterisatlon of
spectral occupancy, although its importance is recognised (21,22). A long term programme
is being undertaken in the U.K. to measure and analyse spectral occupancy across the entire
HF speutrum 23,24), and this experiment and a resulting mathematical model for occupancy
will be described briefly In the next section.

2.3.1 occupancy measurements

The aim of th occupancy measurement progrme is to provide data which may be used in
con jurction with frequency predictions, to advise My operators on the typical occupancy they
may encounter, and now this may vary with threshold level, frequency, time, bandwidth, type
of user allocation, end geographical location Such information may also be useful to
communication system designers, .o HF/VHP ground wave users (who may then choose operating
frequencies to avoid avece interference from shy-wave users), and also to study groups who
are concerned with -he determination of international frequency assignments.

Occupancy measurements are mode twice yearly across the whole HF spectrum, approximately
at the tines of the winter aid sunmer solstices, when the diurnal variation In the HUF is

a ium and minlrum, respectively. Such mosurements have been mode since 1982, and cover
a wide range of sunspot numbers. The experimental site is a rural site in central England,
and the antenna is an active, wideband, vertical monopole.

In the determination of occupancy for the different HF users, a communication receiver,
operated without AGC, and having a bandwidth of I kHz, is stepped in I kHz increments
through each ITU user defined allocation, spending one second at each increment

Each 1 kHz channel is defined as occupied at a particular threshold level if the average
signal value exceeds the threshold in the one eecord observation period. The percentage
of such channels occupied across each user allocation then defines the 'congesrion' for that
allocation.

The communication receiver Is used in preference to a spectrum aalycer, because the
receiver filters are more selective, and a filter bandwidth of I kHz was chosen because it
has been shown that congestion measurements are approximately independent for frequency
separations greater than I kHz (22). The observation period is owe second, to accommodate
signal variations due to modulation and fading.

This measurement of congestion across the whole HP spectrum takes several hours, and
therefore only results corresponding to the stable ionospheric conditions that occur at



abou midday and midnight are taken. It had been verified previously that useful

correlation of such congestion measureseots exists for results separated by several days,
as long as the comparison In sade for~equivalent times of-day or night.

Table I-lists the ITS frequencyallocations (slightly simplified ard gives experimental
values of congestion for the summer solstice of,198 . Results are given for five threshold
levels.(as measured at the antenna terminals of the receiver), where -107 des is equivalent
to a received field strength of 2pV/m. For the night Lesults, it is apparent that the
lowest threshold (-117 d.s) intercepted the noise level at the lower part of the HP
spectrum.

Congestion will be strongly dependent on the bandwidth of the measurement filter, and
examples of this dependence have also been published (23).

The geographical area ove, which congestion measurements will be valid is not clear.
Simultaneous measurements across the entize Hr spectrun have been sade at two sites in the
U.K., separated by 120 k, with virtually identical values of congestion being achieved
(25). Also, voice channel experiments have indicated that correlation of occupancy may
extend to 500 ka, and theoretical modeling has supported this (2t).

2.3.2 A mathematical model for occupancy

An effort has been =ade to fit a matheoatical sodel to the experimental occupancy data of
the type presented In Table 1 (27). The measured values of congestion are values of
probability, and must lie In thu range 0 to 1. To ensure that the model gives values within
this ranga, the following 'lugit model', suggested by Dr P Laycooh of 01I1T, hun been
used.

Congestion in ITU band k is given by Ok * s" where 0(0,<l

The Index y. is a function of the parameters on which occupancy may be expected to depend,

such as time, frequency, bandwidth, threshold level, sunspot number, and geographical
location. Extensive numerical analysis has resulted in the use of the followIng function.

y
0 

a A, B X :threshold(dO): + (C
O 

+ C.f
k  

C2.fk2 ) x sunspot number (1)

A, has 95 values, corresponding to the 95 ITU allocations, D is a single coefficient to be
multiplied by the threshold modulus, C ,C,,C are coefficients in a quadratic expression for
frequency, to be multiplied by the sunspat nanber, and f, in the centre frequency (Wiz) of
each ITU allocation. There iS no useful data for geographical location at present, except
that the results apply to an area of at least 100 ka radius. Also, bandwidth has not yet
be n included in the model, but is presently being considered hence the present model
applies for a bandwidth of 1 kHz only.

The congestion results to be fitted were divided into 4 sets, corresponding to summer day,
summer night, winter day, and winter night, such that 4 models were to be deterined. Good
fits have been achieved, but the fit for the lowest threshold -117 dSn in less accurate than
for the higher thresholds, -107 da to -77 den. This may be due to the atmospheric nois
occasionally rising above this threshold, and also because the adjacent I kHz observations
may not be statistically independent.

Table 2 gives nodel coefficient values, for iumner day congestion results, for 1982-1986.
This model applies for the entire HF spectrum, and for threshold levels in the range -107
dB= to -77 dn. As a measure of the accurac,, of the fit for this particular model, of the
measured values of congestion, 56% are given by the model to an accuracy for 0, of ±0.01,
91% to an accuracy of ±0.05, and 98t to an accuracy of 10.1.

An operator at HF is likely to have little interest in the occupancy of the spectrum outside
his particular type of user allocation. Hence, models hae been determined for specific
types of user, and have a slightly improved fit to the seAured values corresponding tO
those particular allocations. For example, th. fixed .ser has 48 allocations in which
operation Is permitted on a primary or secondary bases. A model of the type defined in
equation I would thas have 48 frequency allocation terms, plus threshold and sunspot
coefficients.

During 1989, a dedicated system for the measurement of HF spectral occupancy was installed
at the Department of Trade and Industry Monitoring station at Baidock, U.K. A similar
Installatlon has been made at Linkping in Sweden. The mathematical models continue to be
developed, and will be fitted to the data from both siter.

2.3.3 Interference parameters

The previous congestion values were measured with a bandwidth of 1 kHz, and averaged over
ITU frequency allocations There is also a need for finer resoluti n measurements, to give
an Insight Into tie detail of the interference spectra in which HF systems have to operate.

An example of a So kHz wide night spectrum, neasured with a resolution of 100 0z, is shown
in figure 11. The statistical properties of many such spectra have been studied, and
parameters defined which provide a basis for determining the performance of digital

""o i
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deterained, in this case for a measurement bandw'idth of 100 Hz, and e single threshold of

-125 d m. This threshold intercepted almost all the interfering signals, and yet was
significantly above the noise level.

Examples of such congestion values, taken over a one week period within frequency
allocations for 'fixed users, are summarized in table 3. A high value of congestion is
typically OSO.5. It Is evident-that-congestion was consistently high at dusk and night as
indicated by the low value of standard deviation with respect to the mean. It was lees at
dawn, and at frequencies near the OWF during day, and least at daytime at frequencies wel
below the OWF, where the-non-OW? frequency indicated is halfway between the OW? and the
LUR, for1000 k range. This latter-point suggests that it may be better to operate below
the OWF during the day, and accept sume loss in propagation quality In exchange for less
interf.'ence from other users.

2.3.4 Relevance to data transmission

The parameter congestion, Q, may be used to determine the probability of HP signals avoiding
interference, assuming that such signalsmay be placed anywhere within each 50 kHz spectrum
examined. Sincethe spectral neasurements weret mds with a resolution bandwidth of 100 Hz,
the analysis, is directly applicable to narrowband data signAls (keyed at 50 - 100 buds)
which use such bandwidths.

For example, the probability of finding a 100 Hz bandwidth for slow rate differential phase
shift keying (DPSK)-, wher the Interferenc is less than -125 dBn, is simply equal to l-Q.

This is defined as the availability of the signal. Similarly, for FEK, where the frequency
shift ecceeds I kz, which is sufficient frequency separatien for the tones to be affected
independently by interference, the availability Is (1-0)2. For FEX with a frequency shift
ouch lets than I kHz, the tones will not be affected independently by interference, and the
availability Is approximately 1-0, as for DPSK.

3 EXPERIiERTAL HF WIDEBAND SYSTEMS

Examples of two digital communication systems are given, one a frequency hopping (PH) nodem,
and the other a chirp odem. Both operate at low data rates, and were designed to give
reliable operation in the presence of frequency selective "adlng, noise, and severe
interference from other HF users, without the use of a control link from the recoiver to
the transitter. Also, HF wideband radar techniques are discussed.

3.1 An adaptive frequency hopping modem

As an Introduction to the design of an HP wideband frequency hopping modem, the application
of the parameter congestion, Q, ho been extended to the availability of robust signal
formats with a high level of frequency diversity. For example, the signal format of figure1 2 contains H FE K signals, representing H signals in frequency diversity. The frequency
separation between tho diversity components is 1 kHz, and the frequency shift for each
component Is snail. The probability tha. at least two diversity components will be received
free of Interference is given by

P(2,H) • 1 - '- MZO

The significance of at least two diversity components being interference free is that
frequency diversity is preserved, and protection achieved against frequent, selective
inding, after the interfered tones are rejected. For M - 6 and Q - 0.5, P(2,6) - 0.9,
inferring a 90% availability In severe congestion.

Thus a signal format which may be expected to operate well in Interference could comprise
6 narrow-shift FSK pairs, with I kHz separation between adjacent pairs. Narrow-hift
noncoherent FEK is preferred to DPSK because it is easier to implement, and more robust in
operation.

To obviate the problem of total signal loss In severe and unfortunately strvctured
interference, the 6 tone pairs nay be hopped in frequency. The signal format will then
encounter the average congestion value across the hopping bandwidth. If the tone pairs are
hopped as a single group, then a 6 kHz hop in carrier frequency would ensure uncorrelated
interference conditions, and the use of forward error correcting codes would protect date
on hops where 5 or 6 tone pairs nay be lost.

It Is important that severe interference is nout permitted to enter the decision circuit of
the detector. This nay be achieved by the use of a second receiver which 'looks ahead',
examining the interference spectrum on each hop, immediately prior to transmieslon occuring
on that hop. If severe interference is found to coincide with the frequencies oi any of
the diversity companents, then those cuep nent. are rejected and the data declson is based
only on the remaining components, when data is subsequently received on that hop.

3.1.1 Theoretical diversity performance

The theoretical porfoiance of a square-lau combiner has been derived for binary noncohorent



P ,!i slow Payleigh fading and white Gaussian noise, the probabilityof exror being given
by (20) -

Pn(H) - "'la 2U- j 4 ..-.." fla)"

where H Is nuaber of diversity branches, and x-is long-termaverage normalised signal-to-
naise ratio per dtversity branch.

The analysie may be extended.to~the sixth order diversity excision detector. This includes
the effect of interference,,and gives the probability of error after excision as (29)

Pe(6) . O.SQ + 6(1-Q) Qs Pn(l) + i5(l-)
2 

0' Pn(2)

+ 20(1-Q)1 0' Pn(3) + 15(1-0)' 02 Pn(4)

+ 6(1-0)- Q Pn(S) + (I-Q) Pn(6)

This is plotted for various values of congestion in figure 13, and represents an analytical
snolution for error rate in the presence of noise, selective fading, and Interference. While
it saybe necessary to operate with 6 channels for Q a 0.5, lower redundancy is acceptable
at lower congestion. For 0 - 0.1, for example, dual diversity Is sufficient, and hence,
still using 6 FE channels, the data rate may be Increased by a factor of 3. It Ims thu
possible to operate with a data rate chosen relative to the severity-of interference, where
the average value of congestion accose the hopping bandwidth is predictable.

3.1.2 H modem link tests

A frequency hopping modem with 6 FfK channels has been tested at low power on an Big ka sky-
wave HP link, when it was compared with a standard narrowband Ff1 system (75 bauds keying
rate, single tone poir, 850 Hz frequency shift) (30). Messages of about 2000 bits were
transmitted alternately via the standard PFEK modem, and via the frequency hopper. lbs
hopper used 30 hops, each representing a 6 kHz increment in carrier frequency, and of
duration Is. The sixth-order diversity format was thus incremnted uniformly once only
across a total bandwidth of 180 kHz during the message transmission. This Is a simple
hopping pattern, but the hopping parameters are essentially arbitrary.

Figure 14 whows a night spectrum durlng the link tests. The FH signal is indicated (with
an interfering carrier within its own bandwidth). This defines the first hop positicn, and
the remainder of the spectrum shown is the hopping bandwidth. It can be seen that the PH
signal level is about 40 dB below the interference peaks, but useful operation could be
achieved under such severe conditions.

The hopper has a different type of performance to that of the standard FfK signal. In
particular, the standard FlK signal tends to have good performance in the absence of
significant interference, and very poor performance in the presence of severe interference.
The hopper, on the other hand, always encounters Interference within its hopping bandwidth,
so that even under low congestion conditions, it generally has a finite error rate. Under
high congestion condltions, the hopper cannot encounter severe interference for the whole
messe and tends to have an increased, but still low, error rate. This type of performunce
is illustrated in the example of results shown in fiure 15. This plts the error count
for each 2000 bit message against number of messages for both the standard FEX system and
for the hopper, over a specimen two hour period. The FEK messages and hopping messages were
alternated in time, and were transmitted at an equal average power.

Forward error correcting codes are particularly effective on the hopping format. This Is
because the error rate is not typically very high, and also because the duration of a
typical error burst is known, being equal to the hopping period. Excellent improvement has
been achieved uningothe Colay(23,12,3) code, in which each codeword is 23 bits long,
contains 12 information hits, and can correct 3 errors. In the application of this code,
interleaving was used so that not more than 1 bit from each rdeaordappeared on each hop,
to give maximum protection (30).

Ths signal design for the adaptive P1 modes has been derived by using elementary parameters
of HF interference. The link test has confirmed that the adaptive hopper offers a method
of achieving useful communicatlo under extremely severe interference conditions, without
the use of a control link. The frequency diversity also offers good performance in fading

3.2 An adaptive chirp modem

A further sode uses the differential phase shift keying (DPSK) of swept frequency chirp
signals across a bandwidth of 2.7 kHm, with a keying rate of 75 bauds (31). in absolute
terms this is not a wideband signal, but the bandwidth Is large when related to the data
rats,,and the system principles are relevant to systems of much wider bandwidths.

The DPiS format and detector are shown in figure 16 The detector include- an adaptive
filter which can selectively reject parts of the signal spectrum. This is followed by a
conventional matched filter for the chirp signal, which in turn is followed by the
differential phase measurement.
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The detctor also includes an interference assessor, which measures lnt.rferenco-levelm In
-each- of 16' contlguous sub-channels, spread uniformly across the swept bandwidth.
Subochannels containing severe interference are then omitted froo the adaptive filter
reeponse, th gthe interference an the correspOnding parts of the chirp signal
spctrum. Hever, in covere interference, the sngnal-to-interfsrene ratio will be
enhanced, and thus the rejection will reduce the error rate when the power-spectral-density
of severe Interference within the swept bandwidth is significantly non-unlfo..

In the Initial implementation of the chirp detector of figure 16p the interference
essessent wee achieved prior to chirp signal transsission, and the rejection configuratin
remained unchanged during the 2000 bits of each chirp message. The system used finite
impulse respone transversal filters to achieve rejection and matched filter operations.
Aeample of an enparisental rejection response is shown in figure 17, together with the
corresponding cospressed pulse waveform. The filter without rejaction, and corresponding
copressed pulse, are also included for comparlson. The effect of the notches Is to
disperse the energy of the ccspressed pulse. Hwver, this dispersion is generally notsaver., and ie typically-accosodatd in the integration window at the aultiplier output
of the differential phase detector of figure 1  intersysbol interference is thus avoided.
Also, the time resolution of the system enables multipath cosponents to be resolved, and
suemed on a power basis by the integrator, before the data decisions are taken.

3.2.1 Chirp mod"e link test$

The aystem has been tested over a 170 h oy-wove HP link, in which chirp messages of 2000
bits were alternated with 7cK aessages. The oEK detector incorporated no interference
rejection, and the received chirp signals were detected beth with and without rejection.

without rejection, the overall chlrp-porfornanca was worne then that of FEK. This is
because the processing gain of the chirp signal was ton small to give useful rejection of
typical interfering signals falling within it, bandwidth. With rejection, the overall
performance of the chirp aysten was better than that of FE. The field trial results are
given as accumulative error curves, an example of which Is given in figure i8. This shews
the total nusber of errors against number of messages received for a 2 hour test period.
The system having the beat performance is that whicn Possosses the longect, and lowest,
Curve. Onlysssage for which frams synchronisation was obtained from the received signal,
are taken into account in figure 18, and the curve corresponding to the chirp system without
Interference rejecton is shorter than the curve which includes rejection, by the nmer
of sessages for which synchronisation was lost. The transmitter power was almost always
lese than 1 w, and occasionally as low as 20 &W.

In addition, the adaptive filter response is indicated for each message, by a chart below
the error curves, and which f(_lows the some time scale as the error curves. The
interference occupancy pattern Is often remarkably stable with time, with virtually
identical rejection patterns being determined for periods up to 2 hours. However, this
Is not always the case, and the e.a.ple of figure 18 shows sore variable interference
conditions, when sore frequent assessment of the interference and more frequent updating
of the adaptive filter would he advantageous.

Ieportant improveants which have been realised are the continuous assessment of the in-band
interference daring chirp signal reception and the continuous updating of the adaptive
rejection filter, end a choice of data rates of 75, 150, 300 or 600 bits/sec. Also, the
coplete detector of figure 16 has been Implemented on the Texas TMS320C25 digital signal
processing chip.

3.3 HP wideband radar techniques

HY radar systems using pulse (32), rmCw (33,34), rHICW (35) and pulse compression (36) have
been ectenaively reported and two useful surveys ar. available (37,3i). All th reported
systems u'e a bandwidth conparable with that needed to achieve the desired range resolution,which may be regarded as the minimum bandwidth necessary to achieve a required perfornance

The use of a wider bandwidth thn this may be considered as definition of spread spectu
The UiR 'woodpecker' HF radar appears f o listener's reports to USe a form of coded pulse
trarssIon. ibt this also ie probably used to achieve the wanted rnge resolution ombined
with high pulse energy, as with the very high power level, concealment Ia not practicable.

The use of spread spectrum techniques in HF radar is severely cocstralned by the requirement
to achieve a high degree of sub-clutter visibility in order to see aircraft or ship targets
which are 1l's of da below the clutter power from land and sea.

The two available techniquw for detecting small targets in the presence of clutter dependrespectively ons

I Achieving high Doppler resolution by long dwell tines, thus separating clutter and targot
by using the difference in their velocities, or

2 aeducing the size of the radar resolution cell by narrow antenna beams and/or high range
resolution, thus reducing the clutter amplitude.



unfortunately, the.first techniquerequires a coherent dwell on a single frequency-of I
seconds for aircraft detection, or tens of seconds for ship detection, which greatly limits
the.hopping speed of conventional-frquency agile strategies which do notseek to preserve
phasa.coherence between hops. This constrains the ability to evade ajaomer.

The'econd technique, reducing the resolution cellsize, looks Initially more attractive,
since it implies spread spectrum and achieves increased range accuracy of the radar In
target location. An H, radar typically operates with a bandwidth of 5-20 hiz, as governed
by frequency allocations and spectral congestion; this implies a range resolution of,30-
7.5 k, large by microwave radar standards. The difficulties with adopting a wide bandwidth

1 To achieve compression, the coherent bandwidth of the channel must embrace the full
spread bandwidth (and we have seen in section 2.1.4 that Faraday rotation sets a-lmit to
this).

2 In the congested spectral environment of the HF hand, the transmission is likely to cause
interference to other users.

3 Consequent on the congestion, an adequate signal may not be recovered after compression.

Easler and Scott (36) reported successful compression with a bandwidth of 100 kHz, giving
a range resolution of 10 ps, which agrees with the order of bandwidth found experinentally
in section 2.1.4.

There is probably scope for fuLther developmant here, but the limitations set by Faraday
rotation mhst be borne in mind. In this connection it is interesting to speculate whether
the equalization techniques reported by Perry (section 2.1.5) have any application to radar.

cqualization over the area of a resolution cell in which the path lengths vary by many
wavelengths, will, however, be more difficult than equalization over a point-to-point link.

We also reflect that the requirement in an HP radar frequency hopper, mentioned above, of
a minimu= coherent dwell time per hop (governed by the required Doppler resolution), may
not be fundamental. If the transmitter generates, and the receiver is matched to a coherent
frequency agile pattern, there is no fundamental difference from a repetitive chirp
technique with the same total dwell. Frequency hopping receivers normally treat the
received signal on different frequencies independently, but they could be processed
coherently, If the coherent bandwidth of the medium permits this.

It is of interest to mention, in conclusion, one technology which, in effect, uses a wider
bandwidth than that necessary to achieve the final range resolution, it my therefore be
regarded as a spread spectrum system, though not devised for the normal application of
spread spectrum (concealment and/or anti-jaming). Some sea-state sensing radars (33)
utilise a large FiCw swept bandwidth, yielding a eall range-resolution cell. Doppler power
spectra are derived for each of a group of cells, and these spectra are then averaged
together to yield a single spectrum wlth a reduced variance, permitting sea-state
measurements (39) of improved accuracy. The averaged Doppler spectrum cbaracterises a
larger range resolution cell than the original, so that the radar is using a wider bandwidth
than that corresponding to its final resolution.
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Figure Is Multipath and Doppler shift in 51? co,.euficatlon.

rIgure lb Slltipath and Doppler shift In Hr radar.



t#

2112

S CAMlt

-20

4' 40

rigure 2 Exasples of delay/Doppler scattering functions.

(a and b) 700 ka point-to-point, 6.8 M z, night.-tino.
Doppler and tin* scale* with reference to arbitrary zeros.

a Oult ionosphere, I hop Fl and 2 hop F2.

b Disturbed Ionosphere, I hop rZ and I hop F2 + I hop E (N).

c ITF radar, 6.8 ME~z, azimuth 100" frco, U.K., 0300 UT.I hop C at 600-1200 km range, I hop at 2000;2600 k, and 2 hop 000

Note that 150 ka of range is equivalent to I as delay.
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Figure 3 Amplitude versus frequency response for a 2-path channel, indicating movement
of response along the frequency axis due to selective fading.

(Equal amplitude signals are assumed here).
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FNgure 4 winter daytine oblique ionogra a taken over the path St. Kilda to Tonsville
(Australia).

Alto shown is the synthetic ionograz derived by ray tracing the mid point
profile (after George, JAPT, 32, 1970, p 910).
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Figure 5 Received 'ionogrus'showitng aplitude versus delay for 125 kHz segments, the
segments being obtained frtm a single continuous sweep (reference 12).

5 6 7 1(WHz)

Figure 6 Amplitude versus frequency response for a 234 k sky-wave link.

Single hop P2 propagation is selected. The dominant selective fading is due
to polerisation interference, and the gaps correspond to broadcast station.
gated out in processing. Sweeps made at i0 s intervals (reference 1:).
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0- wo ,,,

Figure 7 Illustrating Faraday rotation (after Croft (37)).

538MHz

0 38MHZ

Figure 8 Derived poise distortion which would ba experienced by a lye pulse veraus
frequency, for the sweep of figure 5 (referance 12).
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Congestion In ITU band k isgiven by Q , •
Y  

where 0 5 4 1

Y* A, * x z :throohold(dBm) . (Ce * C,f 4  C,.f,2) x sunspot numb.

k A, Ic k A,

1 -13.585664 33 -11:919495 65 -13.546634
2 -14.733032 34 -10.289421 66 -3.993226
3 .14.062625 35 -12.711416 67 -14.208674
4 -14.064345 36 -12.219176 68 -13.647821
5 -13.915349 37 .-)1.225493 69 -13.299901
6 -13.418279 38 -lI.246493 70 -13.958850
7 -15.021687 39 -11.635492 71 -14.283216
9 -12.792068 40 -12.730354 72 -11.04856
9 -13.166584 41 -11.370533 73 -14.411120
10 -13.210117 42 -9.410399 74 -13.973111
11 -12.712065 43 -10.779525 75 -13.829214
12 -13.263342 44 -11.663792 76 -14.733973
13 -13.962915 45 -10.963576 77 -15.514025
14 -13.965851 46 -12.744645 78 -15.221752
15 -12,034389 47 -11.00034 79 -15.906229
16 -11.952289 48 -10.546442 60 -16.476800
17 -12.839164 49 -11.426044 a1 -16.213741
18 -12.507083 50 -11.958767 82 -20.53457)
19 -12.261500 51 -11.729799 83 -15.904058
20 -13.413974 52 -11.292570 84 -21.632969
21 -11.921589 53 -9.223130 85 -13.496772
22 -9.867710 04 -11.633442 86 -15.292201
23 -11.288726 55 -11.693433 87 -15.52910
24 -13.433739 56 -12.808930 88 -15.102002
25 -11.865379 57 -11.698942 89 -14.065095
26 -11.570784 58 -12.420106 90 -13.117673
27 -11.026025 59 -9.926302 91 -13.752702
28 -12.219094 60 -12.650106 92 -15.866187
29 -11.804916 61 -12.467779 93 -15.144994
30 -11.959665 62 -12.393797 94 -17.197009
31 -10.828862 63 -12.677131 95 -16.499500
32 -13.262643 64 -13.309509

B * -0.100192

Cc -17.348957 x 101
C4  1.910600 x 10

"
,

c. -0.052359 x 10

f is the centre frquency of the k th frequency allocation (Mitt)

Table I Congestion model coefficients for summer day 1982-86.

I,
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Figure 11 Example of a fine resolution HP spectrum.

(Rneolution 100 HZ, night-timo, fixed users, OW? for 1000 ka range).

Congestion Q

Diurnal period moan std.dev.

Dawn 0.06 0.02
Mid-day (OW ) 0.25 0.10
Mid-day (no -OW?) 0.09 0.11
Dusk 0.43 0.15
Midnight 0.46 0.06

Table 3 Measured values of congestion over one week.

(i00 Hz bandwidth, -125 dim threshold, fixed user allocations,
OWF for 1000 ka range).

-tkHz -

Figure 12 ldealised spectrum for PiK signal with Mth-order frequency diversity.

(The mark frequencies are shown by continuous lines, and the space frequencies
by broken lines)
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7igure 13 Theoretical performance of the PH system with 6th-order frequency diversity.

180 kHz

- 6-tone snol f

Figure 14 M14 signal In severe Interference during an 800 km HF link test.

Slneid Wf fI' h.cK oO

so TO I soi

Figure 15 Error counts for narrow-hand FSK and wideband PH modes, neasured during an

800 his HT link test.

(An error count of 500 indicates that the message synchronilatlon was lost).
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Figure 16 Chirp Signal DPSK wavefoas and detector.
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Figure 17 Example of the frequency response of the experiental interference rejection
tilter, with corrospon dIng dispersion of the cocipreveod pulse.

O to rej'CtIon

b 30% of bandwidth rejected&

1k,
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total errors

6000

4O00 .

2000 -C

b

0 50 messages

filter
sub-bond F. ... ..... . ......

filter .......... ............................. ...............
. .... .. .......v- . ...e-•••........................

16 ....................................................... .:

Figure 18 Example of systems comparison on 170 km sky-wave HT link.

a Chirp (no inteoference rejection).

b Chirp (with Interference rejection).

c FEK.

The network rejection pattern for each aessage is shown below the graph,
where 's indicates sub-band rejection, and I-' Indicates cub-band inclusion.
In this comparison the rejection pattern was aet at the beginning of each
chirp eassage, and remained unchanged for the message duration of 26.4 a.

(m and a Indicate the FM murk and space frequenciea)

Im
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EFFETS DU MILIEU StE PROPAGATIONl DANS LES PROBLLF1ES
DE SVNCIRONISAflON Er WACQUISMON

ELLES SYSTEMAES AACCES MULTIPLES
EFFECTS OF THEMEDIUM INSYNCIG~ONIZATSO N

AND ACQUISITION PROBLEMS ANDMUL'flPLE ACCESSSYSTEMS

RESUME

Dass cet article, les principes de li talement de Spectres set avantages et les probltmes que pose sa mise es'

oeuvee son! prdsestds.

L'influence du canal est examinte ;distortions et dicslage frdquessiel apportds Pat une fonction de

brandfe impaufilte non statio haie et brosillage apportd par les interfiresces, parfois nombreuses, dans la

L'effet de ces Wdants est examin6 dsns les systtges. de trsssmissios. d'acegs multiples et des radars. Use
synthhe des slutios techniques est prdsest&c.

Dass un dernier chapitre, l'isfluence des brouilleurs est examlic et use solution optimnale de protection

est ddcsite.



L'utiliaion do signaux it largos specties a do noinbrcux avantages. L'un des prineipaux eat Hi6 A it ridction
du coot do tranarert do ltinformaction. On pout torturer It coot drune transmission par tdnergio revsso
nhoessaire pour transmettre tine quantit6 d'information Igade I I Shannon. LW itudesn dassiques montrent
que It coot ens moiimutu torsque It rapport signal A brusit tend vera zhro.

Lat capacit6 dun canal eat docande par ia borne de Shannon

C - B log, (I + 5

4tablie on supposant tine distribution gaussienne pour lea signaux et pour It bruit cc dana laqsietle
C est It ddbit maximnum du canal en Shannon/secondo
B la bande passante en Hertz
SIN It rapport signal A brtsit

Cette relation snantre que la solution la plus efflearo, consiste done t, augmenter Ia bande du caqal pour
pouvoir oblenir tin rapport signal A bruit suffisamment fatible. 11 eat bien coanui que Its modulations
anslogiques d'atsplitude aunt plus colseuses quo Its modulatios do phase ou do frdquesee. Poar on
rapport signal A bruit do t'ordre de 3OdB aprhs ddmodsslatin Its premilres cofltent plusicurs contaises de
fain It coot minimun Dual.n Las. no o noa eat la denaitd spettrale de puissanee du bruit A Ventrdc du
rtceptenr sars quo cc coot neat plus quo de I'ordre de 15 Dufa dana los systamos A modulations de
froquence et mifte DMin dans Ita aystms i asuil amriliord.

On constate done que l'efficacitd des syatlmes sugasente avee Ia bando occupd6e par It signal et ls
modulation analogique do frdquenco petit probablesnent etro conaiddre consoso In ptensier systame
speette 4tsld.

Los sysames numrdriqucs constituent tin prolongesnont des systams analogiques veta In diminstion du
rapport signal A bruit et raugmentation do Is bssde occulpde. Un continuum itablit des modulations
snalogiques sux modulatians binaires par t'interinddisire des modulations diacitos A Q ttats comme Its
madultions MAO. Ainsi, pour Its modulations PSK binaire. It coilt do transfert do t'infartoatton eat rdduit
& 2

Dm-in.

L'tntdrat dsstiliser do grandes largeurs do Isande no rdside pan uniquemnsot dana It coot do tranafert do
tinfuimatian utais; igalement I'intdrll ost grand pour tutter comicre Is i-nperfoetions des canaux. pour
acoltre la podeision des msuren dana los systies radar ou en radialocalinsation nutammont par satellites,
e: per los systames A accos multiples
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Danastoutes coo applications lts problinscs do synelrosisation apparaissent. sauf dans It cas des radars
mnostatiques oil Its deux stations Ernisaion.Riception sont sot It mdme site. Laccroissement des largeuss
do blade utilistes poscat Ios problistss de la rapidit6 do cacl des systtmea, do Icur complooit6 liee aos

taux do compression icvs et dos effots psiticuliess provoquds par Its canaan.

Dans cette prtaontation, onoeamino on premier lieu los avantagos, offerts psi lts systames utilisant do
grandos bandes spectralos puis sont abots los prob~osos inttoduits psr los effets do Ia propagation ct Ios
solutions qui doivent ttre adoptfes. tin Obapitre est r6aezv6 A l'effet des brouillages qui containent lo
signal utileor dans uno dertsiro pattio los coatraintos technologiquos sont exaatians

11. -M AATAGES OsoFERTS PARS LES SYMTMS IMLTISANT DES SIGNAUtX A SPEcM'E ETENISI2g.

ien quo Ia largest du spectre d'un aignal no tdsslte pan toujours do Ia technique do Pitalement do spectre.
toss esamiacrons los problbmos A traveta cc priscipe qsi cositue [a versison Ia plus nioderne do con
techniques.

Le concept do I'talement do spectre cat bien ona. 11 est tspptld succintement. LoAs notations utilis
teprisontent. sauf indication costraire, dos signasx anslytiques.

Utin source dionfoossation (figure 1) cotade on modulateur qui d~livre us sigaal m(t) tepr~sentant It
message A tranamettro et qui cat rnultipli6 par on sigal c(t) appel6 code d'ttaltmsent. Le signal dnsis e(t) cat
obtenu par Is relation

.- -uC 6 *(2)

Si E(Q M(O et C(O sont respectivement los transforosees do F'ourier des signaus O(t). m(r) et c(t) slots

NO(f , M(f-f0) f-o

ols . dinote Is prodsit do convolution

ot f, - '.

Si 
0
(t) occupe one Isigeur do bande B. m(t) one largcur do bsade Bm < s . lors It spectre ocooP6 par

sl eitend nut one Isegeur
D, # B. + Ble # D3o



Le signal imis occepo unc largeur do bande plus importanto que le signal on bands do base. On appolle
rapport d'dtslment le quotient Bs/Bc. 11 vanie do quo!quos dizaines A quelques mniliers. voire quelques
oentainos do osilliers.

A la edeeption (figure 2), en proceasuu de recompression do la bande outilish stab le signal regu est
I'image du sigual 6mis qu'A use double translation pras, dam le, temps ot leapae (on suppose qu'un soul
trojet existe) :

" (t) - M (t - )o ]

oh a ost en fscteur d'affaiblissotaent
Icl temps do propagation

Wd traduit l'offet doppler
0 traduit le temps do phase.

Lo rdcepteur dolt estimer lea trois derniers parsishres i, Lod, 0, Is premier par une synchronisation
temporelte, le second psr uso synchronisation do friquence etise dernier par e syncbrosisation en phase.

Cas estimations 6iant suppostes parfaites, on obtient au point B du sebdosa do ]a figure 2 Ie signal

a,- 8(t) c*(t - )e C C(t M (fat-

On clisisit dan a pratiqus IC(t) I I et ls signal obtenu A[a sortie est dosedt par

ZP~d) A r r(&-r-a) des. hgi) * mn(z-?)

obhb(t) est Is rdponso impulsionnolls du filtre do sortie dont la foncion do tronsfert eat notdo H(f).

Tout ce paneo dose consis si le signal itait trsensmis en bands de base, car apits multiplications on
retronve as point B le signal om(t - r) (figure 3). Lo filtre 11(f) est utilis pour limiter la bando B
psisqusau point M lo bruit s'dlend sur uno largest eupdrieuro A Bs. L'influenco des perturbations dipend do
Is nature de 'isterfdrence qu'elle introduit.
Solt

Ro No)*
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un signal perturbateur d'enveloppe complexe NQt) et Sn(f) la densit6 do puissance spectrale bilatfrale:

Les opdfateurs multiplication itaass linaires vis-&-via du signal dSeattle, It signal parasite dtiselopp6 par le
perturbateur est donud par

La variance 02
, de v,(t) sen diduit

cG fJI7HO [Scp, (A) * Sn (F d) c

cit Scp(O ess ln densiti spectrale de puissance do code dl'ttalement.

Cette relation montre quo o2
n ut obtenu par le filtrage par IlI(oIl du produit de convolution des

spectres denaist6 de puissance du pertutbateur et do code ddtslment.

Le code titale le tpectre do signal perturbateur et It filtre de tortie ne tranasmet done qouane part de sa
puissance (figure 4).

En posast g(u) -JIH()I' Scp(f.u)df

il viest 02v f JSn(u - fd) g(o) do

Pour on perturbateur de puissance doande On
2
, Ia puissance de anrtie Ova

2 et mianale si Sn(u.fd) est lt
spectre ttroit et centr6 sur It maxmum do g(o). Poor obtenir use protection usifortue ii taut biter d'avor
us maximum rnarqu6 de g(o) ce qol conduit, compte tens du fsit que Bin << Be. At prendre des codes doat
le spectre eat rectangulaire. Si IRun s troove dana ces conditions

Sep # /Bs
et

B( S :JH6id



Si on choisit un Citroiddal rectanguaie de gain unitairo dan; la bande But.alors:

g (u)

Pour un pertutbateur i bande 6troite. l'effet de l'dtalensont est de rdduire sa puissance dana; Ie rapport
Em/Bs. Pour ur bruit blanc de deusit6 spectrale de puissance no alots 0

2
Mn. no ES eta s no urn. La

puissance du bruit en sortie nat celle qu'oa obtiondrait en trausmettant le signal en bande do base.

Ces coasidirations gdndlrales pormettent &es lots do souligner un certain nombre do points :

- Los draissions A spectre 6tal6 sont robustos puisque [a puissance duo brouilleur localM s t
rdduito par le facteur d'dtalotuent Ils/Eto.

-Ua aignal pout Wse transmis sync une donsit spoctralo tras failo.e cc qui perutot d'assurer one
diserdtioa relative A la transmission. En fait. des mdthodos do ditectioa existent, mais
l'intorruption des messages roste diffinilo ni Ins codes ddtalensnnt sons suffisamnsotnt
comoplexes.

-Lo possibilitds dintrusion domoeurent faibles car I'intnss doit possider lo code dl'6taleatont.

La milieu do trananission introduit des offets qui retsdent difficile la detection. Sur ce plan, ldtude gdnrslo
montre:

. Quo In signal transmis oat translat6 dans lo domaine frdquensiel et dana Ic domuine temporol,
intposant ainsi dun conditions plus gdnirales quo la simple notion do ortdlatiou - on de filtre
adapt6 - A ln ricepsion.

- Quo los bronilleurs, bien quo lours; offets soient atidnudo, pouvent dovenir gainants psisque
Idlargissemont do la bando Es on fait intervenir on plus grand nonabro.

Enlist les imperfectionts du canal tels quo Ins trajots maliples, Its diffusions. crilont une distorsion du signal
qui X.fecto [a qualit6 de In transmnisaion.
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Len canaux de sinawmi1cn peuvens atre cimatdies par ieur fonction de tiansiert bidimmusionnette, H(fOt
qut traduit la ddfornsasio'spcsae apporsdeeehaqu instant ansignal sramis.

F Danm rbyposb"a dun conal quasi-stationnaire. condlitiun souvent verifi lespwcre du signal revuA
rinsano sR(f,!),eastdordjar

ktf,s S -tH(4s) (4)
OOL .(4.)eat It spectre du signa4-

En particutier, sit signal emm a us specte uniforme S(0) - So It spectre du signal re~ueast rinage de la
function de transfers du canal. Cente selsulque not sittae pour la mesure de la fdruion de transfers dons la
figure 5 donne un enesuple en bande Wtokte sur une, liaison de 8OOOkni cffectafe dans In cas du canal
ioeasphdque 1) t poutcanal opsprdque 2).a~ledh~ornt

posusbe de localier cet espace en considdrant que at un sIgnal trnp"s iimultanaiment K~ Shannon

t es nergie snoyerne par Shannon eat

o00 DsQf4) ess [a densite spectfule de puissance du signal reVu.

Das ecas dune transmission s6rle par un signal binsire: K -I,Bfb - fl,'B * Ts.
Daualuaias dune raaisson paratisle binaire sur P voies, pour chaque signal dl6mentaire: K - 1, Bb

Bs/P etTh - P Tv
Dias In premier cas (figure 6) It signal eat 6tendu aur l'sse fr6u'entiel, dans It second itendu Sur t'aan

En cosaparant ces rdpartitions sync Is. function de transfers du canal on cunstate sans peise que lea surfaces
'lb 8ib peuvens cotacider amn une diminution de Da(fts) ce qui augusente localement Ita tsu d'erreur.

Les figures 73, b etc mostress la diminution de Ds(fts) par des coupes de to function de transfers pour des
niveansx dgaux i Ds main, Ds asia/tO et Dsmnin/20 olt

Iz



i6Lea variations temporeleeia oinde insfert s vn t~ rs rapides et I& figuc 7 d nontc n

itre aspect de cette fotiction mesurie Sur la m~me liaison. fl appacalt dose intdressant d'augmenter au

ii Ic bauit esi cirt6rUa par ime densitd de puissanre n(ft) - pour uu bruit blaic nQ&t) *no -ta dcsitA de
pwsac moycolse de su bit"si Ic domalaineun aigial repi a

En appelant
pO(X) Iprotabite d'erreur dii modem pour art rapport Eti/No r x. Cette probabitit dipend

dui modem utilise.
OP0(x) - p6(x) dx Iaprobiabilit6 pour qui x,< Eb/No < x + dx. Cetic propabilMt ddpeiid de,

n(ft) e! Ds(f t):Dans It casr d'un bruit blanc p,(x) suit souveni Its
lois de Raileigb. Rice ou Naucagasni..

pi('x') Is probabilit6 de trouver Eb/No infirieur It x pendant une durle y.
La probabilMi d'erreur Pe(X0) attactide au cas oti Eb/No est isfdrieur A & esi donn6

ct ta losgueui moyeiine des btocs cit doade par
L(y) -p1 (x0 y) (9)
pour leaquels Ia densitt d'ericur cut Pe(X,).

Par un calcul analogue on pest ddfisir la loi de distribution des distances esitre les pqesdrer
La probabI lfi derreur tutale Pt eat dosode pour Xo- salt:pae dru.

Pe - Pe(Xo- o f(pend.. (10)

,Ces valeurs sosi due-n grand intiret pour Ies probltmes de transmission car lHt persnettcnt, oute Idvaluation
des performnasc" d' ditermiser let codes correctuur's d'c, , urs susceptibles d'dtrc aiilists.,

Le ehoix dun code ne dipend pas de la scale valcur de Pc. rnais aussi de la rdpartition des erreurs donnies
par Pc(Xo) ei LUy).

La convenitd des-cosibes pc(s) est tetle quusscdimiur ion du rapportEb/No se-traduis pas~ua
augmecntation importanie de Ia probabitit6 d'erreur.

T,



Laaule! suraesDatt) et 4~ft) ioot fiuctuanses it apparalt done intdressont daccoltreib.wb

L'augmeseafion do la biode do siguL Coest le principo memo do rement de specte;

Le oupent de K 6meboies dan "s memo sigaL Cost It pOincpa duodage. Dons lis
codes en bloc on sdpare lea symboles driaformaton des symboles do fredondnncew Dam los codes
cowoltionouels on rdp areit I r -edondas u nr toslmbl s .

Pour evitor lemplo! decodestrmp c~fiplexeu on uilise Is eoclmh so do l'ontrelacement quk par
one rdp [injdcos 31 [41. des symbolis d 'un mgme vocteur codo. donne on moyenn .ageI
satiofaisant.

Lutilisation'de largos bsodos dons Iat transmission se justific dooc it l'Etulornnt de spectre est 6ne solution
intdressarte osish non unique. Hei pout etre coosbinto aveeddes toesiqe deocodoge pour accnoltre encore
reficaditd

Ce principe ost utiliod dons los techniques do trvismission &aCCUo multiple.

Laces nmultiple a des orighoes lointaines puisque los premiers systbnes one It6 congus dos los &nWes 1950,

par Iusiliisation de soirs porteuses, qui conduisont i one occupation do We modem fraijlbie (figue 6a) oun
du msultiplex i mpua6es qol t~i Iwsdes-premieoas~stmos It 6talement do speesrepuisque onevoie
tdldphonique italt dtulde our Is largeur do Is bande d'dmission. Ues premiers systtmes.utillsalent dtis
modulations anaogiques drimpolsions - asmplitude ou tempo - priiigoront lea oysttmes numitriqoes.

Locbs multiple, actoellomist pout etre Mdini conisod uni protidie permcitant~dsns on mame milieu de
propagation, Is ceation simultande de'rmultiples canaux do transmission.

Los principales techniques utilioef; ddoolent do m~me priocipo gindral qul consiste A rdalisor poor chaque
onee trnmiuo cd e db C qutls ainux ,,gniiourdeodemisda

canol untasiso l e eeurentorthogoau to inluiiddn
on aotre can&l.

La ripartition Th Bb des codes se ramdane ass coo des figures 6 et done aux mdmes coosroisses aver Ift
condition supplft'entaire, d'orflsoooit des signaux (codes).
Le clsoix des codes apporalt done important.
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Le A6 Jsetisnt o mil s dam trois andes aise

Ladass des sigoneu eadar qsi trouvent, outre le radar. des applications dons les systtmes de
doculisationo o sondages dei'aim phire (oodioMST oi ionosphdrique) et damsies
4mllima anus:ais O utiliscen ginirul~un scul'sga auquel-oa dows souvenat It uiom de
idqjen~es no itate.

,LA am dose signmu utiui~s daas les mddenss qui peuvene itri cottsttu par des sfiquences
~esbienque par dea odes on b~iOZ5 ou des codes convolution"ls

'L& dams des signaux utiliods dams les systames i acodo multiples qui utilisent des signoox
~pr~aoinoaaiemeadesprop6t6dotogonIitd."

Lessignaux sstsisho sont nouvent numtdeiqoes mois dos codes d'dtaleinent ansulogiques soot 6galensent

kV.1, INFrLUENCE DUI CANAL DR~ TRANSMISSION SUR LE CIHOTX DRS OR

Si ron exciut les effets non Ilotiires Is plupart do temps ndgliids dani les conaux reels. Ia irsnmission'dun
signa eat totalesneot-d6finie parIa ripoise lumillel bitemporelie du cons]l qui permet dexprieser le
oloa transnas par.

Iitv ist Ii Qilr Us par S(t) 1oriqje e(t) ~£tr
e(t) Is valeor d6 sigis1&Ietrfe do cana & Iittnt

s(t) la valeur du signall In sortie do cansl A linstantt

En~oo= Z



Cit rl . .i reuetI o* lts--u'reti rnai aiI oa

C '.. re crrlation 'd srnr u linal rivee e t eonjomme de r-au d'etre trnlad da In a doaine
TIMpSone Cmt dana le din iipetrta.&i iiW&j e asacu'6ife jfrfeao

I'esdar34W ilikisr t6 eloaftempsc dnppler

e(i3

Etle eon t ppel& fntin t s iusl on. m

11etbc .CrdAi-uvil ln sr~eto piil nse d apr inl&ni a



(16)
ajsflefonctionqdambigsiil qul eot l'inteicorr6lasion doi signal eils avec son tranalat6 in friqisesec e n
lemps.

L'opration opimale apparal donc comine Nildgrale doi produit de la fosesion, do diffussion par 1a fonctioi
Asmbiguitt sur lespar retard - dopiler.

Loraque le canal peut 6ire conaidWe comme statiosnnire slora D r.: eat sal en delbora de 0, QYR~)
apparall comme ume simple en'ridon dii signal dmsa par le conjagu6 de sa riplique St eat iaaimnum
horaque 'R - r. pans le mas cossrzire les rsllats ddpendess dui dicalsge doppler, do ]a fran do la
-fonehioa dsmbiguitt.

Le dic alage doppler eat li6 aux variations dui chemun optique de Ioade dOs, soil asia variations

dui milieu, soil audplacement des poins d'dnisslon es/na de rdcepshson. L'effes doppler
llodit esn fit une'hoaolesie dui spectre dii aigiial dns que lois pens en dnral aasimiler A

* uaesraos mimedias le's syallmecs ulilisant des speetsaieidus.
ndatdas erais anus. r'efft doppler potiire suffls msn eaarqiad soit parce quse

Ia vitesse di dIdplaceen relative des easedmids du canal neii pas foile devant I& vilesse de
* propagation comine dana lea propagationa soeassmaeises. soil paree qac le milieu varie

rapidement. cmmc dana le.clas desisons usiliiass les~trais da d,sitores. 11 faut dose
cossidirer eel effet.

-La tosesion d'ambiguusd Wdale serais costitute dune impulsion de Dirac

Ce rdsullal esl ina.Iceesaible puisque A~ro, )o) veile Is relation

/.~dA(O,)I ~(17)
'La volume Ilmild par A(ro,)o) ess Incompressible



'ta fjure7 denie int esesipie d fonction crarbiguitt obtenue avec des codes pseudo aiatoire, it 257

on radar (5] (6].

Danm lts systbmes A iccbs isultiples, It riaptiur regoit une somme do signass ei(t) provenant des diflrents
utir, e r6~pteur optimal effectue 0'o6s~i;:

oil
e'r(t'R~) est la riplique ds signal attends et
D (r, )fIa fonctIfon do diffusion do canal I

qsi pout s'6crire sous la fone

oppelte inction d'interasbigult6.

Dana to ias dos systbmes h arch niultiplsis Ies sigi ass utilisds doient possdr des functions dansbiguit so
rapprochant de la fcnctios & pointe centoale iaIqse et des foscti nu' iterimsbigii6 aussi , fibles qse
possibles pour rdduiro Ia costasuination uuled; sgas

Lorscji les signiui on:t sufiharnmtent simpIss It calcul do C(rR) Pout etre effectu6 par umn simple filtre
dust Is inaction do transfers cat

Dans les autre ens sine synchroisation doit atie acquise.

Enp large bande, cdest residue dtllrate par It fait quo. It sass d'dtaltmest 4tsnt gdn6raleesent 6lov6, It
signal cat as niveas. voire noes It niveau du bruit et des brouillejirs ot quo Ia recierche do In

sj~~ao tose falre dans lespacc & doss dimensions (retard.- frdquence).

A-'



D'autre Pamt l'exiatence des trojets multiples eApg n cbolt du tnjet jug6 oppoetuwou use combinawsn de

j Lopdration optIrnae wonalate A r~allser un flr dp6H~t e u

Cut aspict gds6ra a Wt abordi par de nombreux auteitss M7, [81 dams le csdre des sigssaux i bande itraits.
Dane le cia den aignaux laege bands, Its rdalsation des filtres, plus cotaplexe se fait ayec t'iaertion de lignes
a retard 19).

UsetUvseUt~aueeit urcteqeto ct des(~ souin iqssne ont ittpropan&LCBe 'C

Le* dune pseudo alres [10] dont Is figure 7 donne un eximple de function
IrmlgMsotls plus sssilishes. Elles sne produites siteplesnt par den registres A ddcatage.

NAo),- N, 03- -1I et aiieb'raA(ro, b'),6 ifour
oft N - 2n - 1, nc eact la Iunguetrie [a adquence.
Lorsque Ita adquetacesn se soat pan utilitdes en enehainement poriodique, Ia fonetion

iu ioolti000 f6t o s c i dga de.

D'sutres adquens oat Wt isbordes pour atndliorer le efrane.O otnie.sn qse
Is liste Solt exhaustive:

Us esiaquences de BARKER [11) dant les loagucurs cependant sont rdduites tas qul ont
den fonctkes decor~laoA a'pdriodiqraes intdresuantes.

-Les sfquences de KASAMI (12] 00 do GOLD (12] dust la function de cordlation n prind,

en dehors do Ia point: centrate que 2 ou 3 valeurs.

I~ M_______________________________ ----__________--___



ken a*uenoou coapldmentalres do GOA,(4 on l sdquences CAZAC qui pi~ssdent,
des'fomncautcorrildltonapdodiqiues untes-pout tous les~ddoalages ott poar~un-
dorsine do ddcal go ddflaL.

Dans les s~quences esultiphkasos. les perfonuances sont plus facilemoent atteintes et des solutions
ontdtpropobEes par IRL-PRANK (15], F. SIVASWAMY [161 et dautocs qui o&t deort
otainment des constructions recursivens de a'quences.

Dana les systtnses kaeo* multiple, on doit uiiliser des codes compcs& do vectcurs orshogossaux
-ontic eux.
Len codes do GOLD, (17] ot appoint use solution souvest utiliae qui a &6d Itendue pir C.
GOUTELARD et F. CPAVANlD (18] qui out difini Ins codes pseudo orthbogosaus dont Ins
meilleurs atteignent Ins barnes de WELCH et SIDELNIKOV [191 pour Ins autocofrdlstions et
interc~rdlutions ptriodiquns.
J.D. OLSEN. et autres;201 ont'propos6 eg~ement -des s~quences,. Bent s~quences -qul
stteigient igalemnt Ins bornes do WELCH simultandment en auto et Interorrdltio n.,

Le principe de cos s~quences nst dousE sur la figure 8. iI consiste A,mnoduler le signal on
effectuant dospallcra do fr64uenc; solon des lois aldstolres ou diternlsstms

COSrAS [221 aifonnaish synthtse des signaus possibles doss lecas-duno atquonce do
longueur N. DI sappuie aur l'bypothkso que'pour to'ut dicalage (Doppler.- Dolait) B no dolt pus
exisior plus d'un pallor qui puisse coIscider avoc us pallor initial.

A partir do cotte constatation 11 dtablit use matrice N x N dite matric do COSTAS reprdsoatant
Ins N inonitnonts tomnporels sun Ins colons, frdquentiels sur lea ligne. La snatolco est composde
do 14

2 
-N ' et de Z4' qujl figurent leInctinesdes pallors et dispos&s do tollo sooto qul

exsate an 1 ot uniesul par lign- et par colonne. Pour tout ddoslago do I lignes et k-colosnos line,
dolt pus exiator plus duso coincidence.
La matrite

0 0 L '0 0. 0
1 0 0, 0 -0 '0'

'0 0 '0 0 0 1
0 1 0. 0 0 0
0 0 001 0
0 00 10 0

1'~I'l- RINI__



cOtune matdovdde COSTAS pour N, - 6.dIat'lacile de0nstater,4uc les conditions de

t coronzidence sont respocuses en varmat que pou cisaque ddcalage ttnsporel k H'art intre lea

On Pont aloisdreoiir Ic tableau rrivs=nt des Al

41, 2 3_ 4 5, 6,

'0 0 0 0 0 o- 0
1' 2 -3 5 *1 -2

2 -1 2 4 .3
4 412

4 3' -1

Cette construction donne use fonction d'ambigut6 optimale et ii a~dt6 montr6 qu'elle, eat
aplcb~pour toute valeur do N [23].:

IV23,COt)R A VARITIfON I INPAIRF eaR FRE:OT TENCE -CHIRP.-

Cette technque ntiisde en radar et dana Ito systst de transmission eat un ens limite du taut de
Urquence. Sa fonction d'arbiguiti, dite'en 'lame de couteauf. introduit use ambiguMt Doppler
retard qul put Itte rdduite en traitant des rampet auccessives. Cest tin I talenent analogique
qui offre ravantane de simplifier les iqui~iements.

IV. IODES ANALeOIOUE .RS

L'Etalemen't Pout etre effectu6 tar un signal "arloglque par un code analogiqne. La m~odulation
de Urquesce eat It premier tytsne dece genre.
O.R. COOPER et LII. COOPER (24] ont propost de rdsliser 11talement par un aignal
totalement al6atoi e, en l'ocasrence un bruit blanc gaussiet. Cotne solution no prdsete pas de
difficult6 en radix oil Ie ricepteur dispose naturellement de la, riplique, ce qui ss'est 6videmnment
pas Ie ens en transmission. Le systilme propos6 a'appuie sur la connaissance, A priori Adt I&
jirocddsre do codige qui permet dn donner au rdcepteur lI structure perinestant dobtesir sae
autoordlation masimale indipendante do signal utilist.

'A7
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Cette Proo~lure est intireisante clans la mesure ot Ic signal transn'i ides caractdrissiques
~VOUMSindubru L-

La synchronisation clans les system"c it large spectre est ]a pretniere et la plus difficie des 6tapes.

L~e rapport signal i bruit dana la bsnde Ba est trhs faibie et lea dicisiotw nettant en jeu le signal ne peuvest
~tre prises qu'aprh Ia recompreasion de li bande.

L'objectif vise est done de placer la ripiique du signal dosis dane lPespae retard -doppler ssffisasseent prha
dwsigncl rests pour pouvoirse trouver so voisinage immiadiat do Ia point centrale de Is onction
dsambiguitf, dent les dimensions soot de lordre (figure?7):

oih Tc et Be snt respectivement la durie et la lsrgeur de bande du code d'talemeht.

l~effet doppler se maroifesfe de deer fagons:

D'abbrd air Ia porteuse du signal m~odule it dfasse n6mibreux travans ont Wt mends rca derrieres anodes
Sur cc sulet.

*Ensoite sur Ie d~calagifr6quentieI du "d d'dtlemecst. Dams de nombreux cat, cc phdnomhe eat
nigligeable essis dans des ens pins spdciflques. Bl West pas possible do lignorer. Cos ns apparaissent par
iiaiiple "ss les ricejflions GPS A grauide t ni-que. cans lea liaisons soiti-mrifies 00 dans Ies systenes i
iaai ddtalinient iris 6leyds.

Iapparsis done dens probibtes: la synchronisation tetoporelle et Ins synchronisation frdquentielle.

Daus It cns do sequencea courtes oa ron peat utiliser on filtre adapid, It probleme eat fl~riori rdsol t.

On ooissidhiia, this cc paragraphe, 4ue leffet doppler est ndgligeable Suir le aide et que Ins sequences
toot d6 gai Itngueuf.



Ia premitre m~thode esiliade, a W5 d'effectoorotie recherchse siet do la synchiorisation ont d6calant I&
rdplique doj code par Increment do fa~a A dicaler la bonne synchronisation par lobsorvation du signal

ddscs6 Cne rocdsre a Iavantage do persnettre une synchronisation sOre meoe en presence d
brouiliage important. Par contre, clle oiceasise en tempo de recherche et en volume de, calcel cons~queots
qui croissent en W'.

Pour paller i coo Inonvdaiens des mdthodeo de rechserche bastes sur des corrdlations'partielleo do [a
.sdqueice d'dtalement sont utiliume. Si ohme rdduisent It tempo do calke! et, en genedral, It tetnpu
dlacquislon do a sychrotsisation. ellks soot momns robuates A l'dgard do bruit. Lea propriostis poopros dell

notuesc d'dtalemnent doivont itre prisms in compte notamment ais Wiau des correilationa partielles qui
oat 06st tudits dons It caa do sequences classiquan [251 [26). 11 ant itttrossant do romarquer quo Its
talomento par. saut'de tirtquence dont Ian lois soot titablies A partir des matrices do COSTAS prdsestest

use boon e p'rotection.

'La strateigic do recherche permot do rdduire It temps d'scquiaition, Ittapo ultime, ttant &~ It rannr A one
durde,6gale n inftrioure A To. Si aucue isformoation, A priori, W'est connue, alors ls recherche do la
synchronisation ant faite do fagn altoire Cependans, lorsque Ian durlan des codessont longues, ii devient
oticessalre, et il ott souhaitable pour Ian codes courts, d'avoir uoo Information sur I'instant d'aftivdo

probable du code. On dispose alor d'une information, A priorLi, qe t traduito habisuellemeot par one
fonction do denMi do probahilitti souvoot prise triangelaire o gausuienne trostqutie [271 (28) [29). Dan
strateigies do- recherche peuvons slors tre itablianes eot etude consparaive a did false par V.M.
JOVANOVIC (301 nor celica, Ian plus utilisties, reprisoosties sur Is figere 9 qel montre leo chomnins, do

reccheo uiids in ionction du emps. L'attetsredtudit los tempo d'acquisision moyens es coclut quo:

Dans Its strateigies 2Z search*, Ie mode 'continuous conic? es mIe pins mauvnia otslo mode
'Broken ceater' antIc moilleur. Les dean modes .Edgo' soot eiquivalents.

-Les strateigies 'espanding-Window* sont globslemeol meilleurca quo Ian strateigies S search*.
Les des modes "continuous' sons globslement mauvais et Its modes 'Broken' sons nessomoos
auptiriesrs.

*LPA modes 'Unifornmly espanding alternate os 'Non Uniformly expanding alternate proposeis
par I'autour sons netomeot supdrieurs sun antret.

Coo rsltisa s'ospliquent bien intuitivenoent. L'auteur donne Its tempo dacquisition moycns pour chaque
strattigie sinasi quo tours variancan.

D'autres techniques dessintia so codes nesotriques (311 [321 (331 aussi bieo qo'aus codes & souls do
friqueusce [34] [35] soat Wit propoos es ,t on on troovera, Its details dans Ins rdfdrences citties. Cependant,

La1
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tosses'Its procedures propostes snappuient Sur des corelations partielles qui rendent plus fragiles-les

L'objecnf de r6duire la complc.sit6 des cslasls a ate abordie pa, l'utilisation de sequencees partieulitres dont
Its propri~tts permotttent, dams Is corelation, do permuter Its op~rateurs msultiplieation - addition en
prisseipo isseomesoables (36]. Cotte disposition transformo le scem~na des corrilateurs comme indiqu6 sor la
figuro 10 duos laquello N N longueur de Lt sequence et la valeur optinsale de b vaut (N V), La
complexit6 classique duon syncisroniseur qui ndossite N- operations devient N~ avec: con sequences.
Pour N - 1000 Ia comnpleit du ealcull es r~duite don facteur 50 ot poor N - 10 000 d'un facteur 250.
La reduction de In complonit6 des calculs peret d'effeesuer len corelations sur la totalit6 du code et done
de oserver one grande robustesso vis-&-vis du bruit;

La synclsronisation en fodquence do Ia porseose post, dans lo ess do modulations do phsase stomdriques. etro
obtonue par des procedures non lintnires clasoques msis ii pout atr tsdncossaire quo eette operation so
taste sinsultantment avoc: l'aquisition do code poor avoir on syssamo rapide.

Deu principos sons encore utilises, stpardment ou non.

La premier eosiste i segmensee So signal en intervalles do tempt suffisamment courts poor quo Ia fonctios
d'ambigut do Is sequence partiello atteigno one pointe eestrale stiffisammeot 4tendue It Ing do I'nse
doppler pour contenir le dieslago doppler.

La second eosisse A rdaliser un ambiguimttre qui effectue Is correlation do signal requ avec Is rdplique do
code d~esl6 en friquence.

La premier principo utilise on soul corrilateur mais devient fragile vin-A-via do brousillage, So second on
grand nom

t
bre deo orrilatours (filtres adaptds) mais conserve so robustesse.

En fait, estre ces des extremes, lts solutions prasiqooes des descriptions do syst~mes reels (31) (32) (33)
montrens on Iventail trt large.

A.. INFLUTENCE DJS flROUM5AGES.-

Si Its distortions apporsdes par So canal linsisent Ise transmissions i spoctre itends, So brosillage et Ion
Interferences apporsent auWn une limite.
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On peut contpenser Ics distoralons par des filtres compeasateors astoadaptatufs. On peut riduire, l'isfluence
des istetfirenees par on filtrage spatial du signal mnais austi par un filtrage friquentiafl. Dama cc demnise cas
one strategic ontiste A osasquer lts parties broujilldes.

Des syten oat dtd proposfs [37] (381 etll a Wir prdsent6 139) one solution opsimale qati minimalist, le
* co~t I nergstique de transfert de l'information. Cette sndthode, applicable A tousles donsains, a Wt

appltqutie en VHFI.

* Laccroissement de ls puissance do bruit eat supdrieur At l~dBl/d&ade, valeor qu'on obtiendrait ni le bruit
Itait blanc. La figure I1I montre' 'enombrement spectral de [a ganune dicantrique en Europe occidentale
*ganame parhictlitrement perturbde e t Is figure 12 les variations de Is puissance do bruit dana dens

gammses de fricquesce en fonctiott de la bands BS utilisle. On constate qs'audelit de 20KHz. l'isflsene
des brosilleurs devient glate et intolirable au-delit de 100KHz dana Is plage 9-IOMI-I.

La procddare propoade consiste it rialiter des masquaget dusapectre reVu it lendroit nit apparsaent Its

interf~renme (figure 13). Les spectres des signaux poavant Wae assirnilta it des fonctions fenitres, hypothite
proche des conditions rielles, le ricepteur adapt caictale Is function de 0orrilation

C)- 2 Au 0 C sinc (no0

ni tinesx - sin n/n
As - 2jrFo cas Pdtendue 4;. signal rantenfe en bands de base
Ao 'atnplitude do =6rr du spectre.

Si on effcctse N rsasqusges de largeur 2 As Ai centris tar den pusations Ma, Is fonction de corr~lation
a'eaprirae par

C()- Co(').- CpWr

et dn i des grandcurs atoire

AMale Isasquage a deux cossdquenme inverme:

*La prernire eat la dintinstion de Is puissance des isterftrencet.



L1a secondoeast uneddormation de la fonction deo errlation dont Ita remontiea en dehors du
maxmumn principal peuvent 6tre conaidirici comme un bruit donr on peut bowner la variance
P391 par

.2m5 - AS £

Ot' ~ ~ ~ ~ ~ ng *lreroeebsemasqales

Bandototate
En posant R - o= Pe ne ocra asrt Willup=

Densit6 spoctrale do bruit moyen sans masquago
on montro alums quo lo rapport signal A bruit aprUt d~modulation edcrit:

A - Cf' (mo)

nix C,1 (r..o)-Rno(-a)l

n(a) - densit6 spectrale moyenne do bruit dans ln bande apr4t masquago et tcio quo
x(a -o) no
L'optimisation consisto Ax rechercisor In valeur do a qui rend SIN maximum. Ce calcul eeffortue Par In
musuro do n(a) qui ext effeclude au vu des spectrex,

La figure 14 osontro Ion rdsnltats obtenas dam 3 cas typiquos d'excomnbremoxt spectral pour dot bandea
xtilistet do 20, 50, 100 et 200KHr. La puissance du signal dtant supposde constanto, on constato quo. pour a
=0 le rapport signal Ax bruit ddcroit lussqxo la bandt xtilisdo augmento et quxuno valour optimalo de a

diffirente do zdro ext ndoossaire pour lou largours do bande importastes dams des plages perturb.'ex. Le gain
du traitement atteint dams lox cao prixexrs SdB.

Cette itude montre limportance den ixterfdroces et uxe (agun do s'en Wbrern Les interfdrences penvent
elre involontaires oa volostaires. Dam co dormer cas. ls procddure devioxi un systm do cootre centre
mesure flectrosiquo.

Lea probltmes do transmission utilisant des largenrs dx bande importasres sost rxombressx et encore nunl
rdxolut de falor optimaix.

IL.
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SS ivantagesau sensdje I'efficad fneriique sont grands, ils sont cependant ponddis parkls
contaisesiu~pseist tes imperfections des can=u et linfuence des brouilleuus.

La choix des codes demeore un problame bnjeur qui condtier A 6voluer encore. notainment danm tes
problames d'arcch multiple oil la notion dolbogonslitl pett re riessnine.

We procddures de syiscronisation sont encore dilicates et tine d~syncbronisation 3ceidentelle pest
produire des paquets dfeffeurs diffleiles A corniger.

La ltne cone te brouillage. votontaire ou non, conduit A t'emptoi de systames adaptatits spatiaux ou
Hrquentiels.

La misc en oeuvre simultange de or5 mf tiodes font de ces sysibmes des ensembles complexes.
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DAN S; LES tSYSTEMESA GRANDES
I3ANDES SPECTRALES

Pierre FUERAXER

-Direction des Recherches, Etudes et Techniques -

26 boulevard VICTOR
00460 ARMEES

La utte centre la guerre diectronique a motiv6 do nombreuses recherches
miiares. Les syst~mes A spectre 6ta16 ont 6W d6veloppds pour se proteger des

systkmes do contre-mesures actuellement en service. Que aeront les
performances des systkmes de transmission As bande large en face de centre-
meaures mieux adapt~es ?

Quelles sont Ies tendances &a long terme ?

Ce sent leg -questions auxquelles nous tentens de rdpondro en examinant
successivement les diffdrentes zctiviths do )a guerro dlectronique ; interception,
localisation et brouillage.

I. INTRODUCTION

Le ddveloppement do systkmes militaires de transmission &i bando large a d
3ustifil ar la ndcessit,4, ressentio par lea militaires, do se protder duno guerre
dlectronaquo do plus en plus intense. Des rdsultats apprdciables ont 6W~ obtenus
et l'efflcacit6 des systhmes en service fortement limitde en face do ces nouvelles
modulaticaz-. 11 faut cependant admettre quo lea sp~cialistes de Ia guerro
diectronique no manquerent pas d'adapter lea systkmes qu'ils cenfoivent ta ces
nouveaux signaux. Los dvolutions actuellement en cours ou pr6vues A~ court
terms sent les dpisodes d'uno bataille dana laquelle l'anne ou Ia cuirasse peuvent
remporter des sucetas tactiques, mais sans douto pas des victoirca d~finitives. 11
no serait pas possible do d~criro leg 6pisodes do cetta lutte sans ridvdlor des
informations hautement classifi6es. 11 m'a donc sembl6 pr6fdrablo do prdciser, en
faisant abstraction do touts diflicult6 technologique, quellea sont lea limnites
fondamentales qui s'impozent tant aux systbmes d~o guerro dlectroniquo qu'aux
proc~dda do contreoontro-mesures dlectroniques.
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Seront~~ anlye scoivement lea problbmei lids A 'nereto desinX i
Iag baxide, ceux l a localisa tiondeB 'rnetteursie.t af a brouflg derV

rTcepteurs. Dans chaque cas, le. .i u A bande lrge saront compards aux

modulations classiques. Enfin, tine conclusion feraressortir lea 616ments lea plus
saillantedo cette, anialyse, etla nature des choixop~rationnels enjeu..
Bien 6videmment, lea limitations technologqs restreigant Ia libert4 de choir

de p a.iaes Lea systbrneaqu'ila vont r ione seront sane doate pas aussi
a= ite=.E tout cas, il importe que lea d~cideurs connaissent bien lea limitos
thdoriques, seules intangibles~et puissent choisir en connaissance de cause. Ce
document eat dcrit A leur intention.

11. INTERCEPTION DES SIGNAUX A LARGE BANDE

Un r~cepteur d'int~rception doit potivoir d~tecter un signal A spectre 6tais dana
tin anvironnement complaxe cornpronant, du bruit radio6lectrique at des
6missions do touto nature. Sauf dana lea -cas excoptionnela, mais toujours
posaibles, oa Ia proximit6 do 1'6metteur A intercepter eat tells quo 1'ondo diniso
p out Atre reque avec tin rapport signal stir bruit suffisant, stir tine antenne a Io
bando, ii eat n~cassaire do mettre an oouvre divarses techniques do traitementdo

doux typos do traitemente ;Il filtrage temporal at le filtrage spatial. La chitection
des signaux so foraeonsuite dana un datecteur, east, A dire tin systkmo non
lindaire, qui pourra 6tre assoz complexo dana Is cas des signaux Ai large bando.

2.1. La ifitrage temporal classique

Si Ia bando, du signal eat B, il oat natural do rdduire I'influonce du bruit at des
autres signaux en utilisant tin filtre do largeur do bonds B.

Ce traitement ast toujours possible quelle quo, soit Ia modulation du signal.

2.1.1. Extraction d'un sinal noYa dim n ubruit bln

L'efficacit6 du filtrage pout Atre dvaluhe facilement lorsque Ia bruit dana lequel
oat noyd Ie signal oat blanc at gaussian.

Ii oat intdressant do Is comparer aic seuil do fonctionnemant du nlcepteur adapt6.
Celui-ci n~cossite quo l'nerie rectia par bit transmis aoit supdrieure A un seuul
voiain do celui d'un dispositif & bando dtroite:

E/No > SO

Appelons R Io ddbit do Ia transmission at b le parambtre:

b =B/R
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Lesga u ruit Ai la sortie du rioepteur d'iiitercoption, correspondent & 1a
liiod otodo la liaisonA intercepter vaudra:

S/B-I' x R 3L. -'A
No B, Nob b

On pourra'ainisi ddtecter un iignal'A spectre' dta-id dbs que Ia marge de la liaison
dmetto'urlintercepteur'ddpassera un senil li au temps d gbservation du canal.-

Commo dans un radar, on pourra faire une moyenne dos amplitudes observdes A
des instants sdpards d'une durde T = 1/13; On obtient ainsi un gain d'intd6gration
inicohdrento comme disent lea 'radaristes. On t'lapproximer par l'une des
forinules empiriquos utilisdes pour Ie calcudu gain do post intdgration
incohdrento.

Lorsque Ie parambtre b est grand, Is souil'do ddtection A probabilit6 do fausso
alarmo do 10-P sora amdliord dons Ie rapport:

g = pb
Pour les voleurs potites do b co gain sora supdrionr A cotta valer sansrpuvoir
ddpasser la valeur b.. B en rdsulto quo la peirte do seuil. do-drt ction dueol
l'6talement do bande sera foible on nullo pour los valeurs foibles do b et pourro
atre opproximde lorsquo b eat grand par la formulea

R- b/p
pb

Par exemple, pour b = 256 et uno fausse alarme do 10-4 on tronvo R = 8, co qui
correspond A uno porte do seulement 9 dB par rapport on senil do ddtection d'un

sgal A bonds dtroite, et sans donto mains, si on, tiont compte du fait quo la
pisnedo l'dmetteur aura Mt augmontdo -pour conservor ]a mtmo portde,

pM2lr o imperfections dunn rdcepteur bien plus complexe.

Lorsque 'le parambtre b a uno valour trbs dlovdo, lea signaux soront mains
ddtectables quo sans dtalement, mais, notaminent dons Io cas des liaisons radio
mobiles terrostres, ils Io resteront.

2.1.2. Efcct uflr~ ael a dda

Si lo brut Athenniqo os par 'Iours prdsont, les signaux & large bande pouvont
dgoomet dro osqdt~pard autros dmissions. Dons un onvironnoment dense, il

sera trbs difficile do sdparer par un simple filtrago, des sigInaux dont lea spectres
auront tendance A s superposor. Los signaux les plus foibles seront masquds par
los pl-is forts, mois ceux-ci soront. le plustsouvent dtectds. Cost sans douto co
pbdnombne, po-ur autant qn'il soit bien exploit6 qui est Io plus capablo d'assurer
Ia faiblo probabilitd dintercoption des signaux Itlarge bando.
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Si le r~cepteur d'interception diaposait de toutes lea informations posaibles stir Ie
signal -recherch6d, son scuil de d6tection ~serait inf~rieur ou dial As celui dui
i-ce tur vera lequel est enioy6 lo message. 1l aersit donc ssible d'atteindro lea0efrnne a,0e racsobtenues sur lea signaux A bande 6traite. slieureusement, dans
e.aystmes militairosA Iz bande-u tne partie de~cette informationweat

maintenue secrtte. eslcsae saut. de fr6quence eii lea codes, d'dtalement
dgpendent d'slgorithmes de chiffrement trbs difficiles As percor.

II faut donc: rechercher .des techniquea, d'interception -qui n'utilisent- que lea
caract4riatiquea connues &. l'avance du spectre dniis.

On pout citer lea suivantes:

2.2.1. Utilisation do la signature =nctro-teimnore~lujajignn

Le spectre de puissance du signal ii W'est paa n~cessairement stable As court

ale de puissance etientique As cello d~un dmetteur classiQu ependant Is
terme L p alle 1 t prva co et elu dils doaut io de fr e ce s or eul denaitAn

6l6mentaires.

2.2.2. Ijgsati n d caracthiistioues aronres du signal recherch4

Pour attoindro tine faible probabilit4 d'interception (LPI). on cherche I donner
aux aignaux A large bande des caract~ristiques lea plus prochos possibles de
celles dii bruit blanc gauusion.

11 reste toutefois entre ces sipaux et le bruit blanc, gaussien des diffdrences qui
doivenit permettre -de lea identifier. En' faisant abstraction des difficultwa
pratiques do mise en oeuvre, il eat possible de lea discriminer As partir des crithsres
suivants. Tout d'abord, ]a probabilit6 d'ainplitude de coo signaux est trbs
diffdrente de cello dii bruit gaussien. U1 en eat do me do leur stationnarit6
spectrale ou do collo do leur fonction d'auto-corrdlation. Enfin, uls prlsentont
souvent, aui mains pendant certaines phases do communication des d6fauts
pouvant aller jusqu's l'xistenco do raios spectralos non moduldos, donc
extr~smement faciles As d~tecter.

Si en a tine connidssanco sufisante des signaux As intercepter, en pout imaginer
des filtrages par tine fainille do codes orthogonaux ou non conpue pour edparer au
mioux lea 6nussions recherclidos du bruit.

Cotta m~thode pout etro oppliquile aux signaux dtalds par code courts mais pord
taut int~rU loraque le nonibre do filtragos possibles dovient important. Si en
dispose d'une connaissance parfaite dii mode do fonctionnemont dui systamo As
interceptor, cotte dornibre mdthode pout s'avdrer extramement porformanto. Elle
eat tautefois raroment applicable, ce qui no lui laisso qu'un intdrUt tlriorique.
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Iea ies ea lag do conseivent don u ger a antag sur leissyast
casasqus et s' p lu'iilea intorcpt.r, mmg al s d qsensibilisatdon des

rcetuseat p his fIbl u' on ro lopenso~habituellement.,Coest san douta la,,
diiuto d I*itda ~epersdineceto qui'joue le'r~le le plus

im~portant. Dana Ma mesure cii ceux-ci no sent pas capable de~sdparer lea
diff6rents signaux prisents simultan6ment dana le spectre radio-lectrique, leur
iixter~t diminue sensiblement.

MI. LE FILTRAGE SPATIAL

Wie si hi notion de filtrage spatial eat r~cente.-c'est une technique gui a Wt
appliqu~e dbs lea dabuts. de ]a radio-6lectricit,6. Les op~rateurs avatent Vito
compria l'intenit des antennes dir-,ctivea,,pour aiparer lea 'signaux rogue. Trbs
raiement, loa principes des goniombtres avajent W inventes. La localisation,

par radiogoniomdtrie des 4metteur-s ennemis devenait l'activitd6 essentielle de Ia
guerre dlectroni(u. On s'est alors appliqu6 A ddtenninerile plus rapidement
possible lea positions des 6metteurs intercxptds A partir d'une chaine do

nOio n~rrpartisaur le.terrain do faon telle quo, paSr receupement, entro lea
oservations, il soit possible do lea localiser avec precision.

Comment cotta technique peut-elle s'appliquer aux signaux Ai bando large ?

Exista-t-il des techniques do localization micux adapt~es A ces dmissions ?

Quo peuvent apporter les techniques modemnes do traitement. d'antenno ?

Comment Ia propagation limite-t-elle les performances des systames do
localisation ?

C'est A ces question quo neus allens tenter do ripondre.

3.1.'La gonlom~trie

3.1.1. Localisation d'un signa badlas o ad dn goniombtre clasiu

Supposons quo nous esayens do mesurer l'angle d'arrivde, d'un signal A bande
6ta6e do bande B & l'aido d'un goniom~tre adapt6 aux signaux classiques do
bande B/b, b 6tant le taux d'dtalement ddiini prdeddemment.

Sous rdserve que le tempa d&observation seit suffisant, hi puissance du signal
filtrd par Ie rdcepteur du gonlom~tre sora divisde par b. II n rdsultera uno
diminution do sensibilitd dana le rapport b. Si on adniet, comme prdcddemment
quo le taux d'dtalement b vaut 256, cela conduira A une porte do rapport signal
aur bruit do 23 dB, ce qui cat important.

11 est done trbs difficile do localiser lea signaux A spectre dta16 sans adapter lea
goniombtres At leurs caractdristiques.
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3.2.1. Lbau hautealin

Sets lea r~serves prdc~dents e traitementa haute risolution classiques sent
paa ment adaptd A Is =~rto et A Ia localisation de signaux A bande large.

Toutefoa, dana Ie ca oix lea dimenaionidu rdseau d'antonne 1e n~coasiteralent, il.
existe'dearnthddes haute r~solution ealarge'bzide, certes plus complFxes &
mettre enoeuve, mais d'unemploi parfaiteraent envisaeable (1).

Sous r~serve~que Is tern pa d'observation soit sufrisant; ces m~thodes no sent
limiteaque par le nombre deasouroes pr6sentes aimultanimentL Si N eat le
nomnbre de r~cepteurs; lea algorithines de haute rksolution ne fnto~etqes
le nombre de sources eat au plus N - 1.q

De plus,,le pouvoir s~parateur angulairoe d~crolt trbs vito lorsque Ic nombre de
sources augmente ou lorsque leurs puissances sent trbs diff~rontes.

3.2.2. La taitemint adante~tif

A l'origine, Is traitement adaptatif a Wt invent6 dans le but do maximisor le
rapport signal sur bruit A 1lontrde d'un r~copteur. 11 est trbs vito apparu quo cc
procMd tait adapt6 A Ia d~tection et AIa localisation de oure cutq
sous-marines.soreecuiqs

Commo lea m~thodes haute r~solution, ces techniques sent applicablos A Ia
goimtrio do signaux 1, bande large, les- limitations Etant sonsibloment los

=~e quo celloes . thodos A haute rdsolution.

3.2.3. La riemn osssau etasi des antennes lacunaires

Dana Ia mesuro otz tin nombre limitA. do sources -large bando sont prdsentes

8Plie La technique do co' typo la plus simple est In goniomidtrie par
diff "ree do temps d'arrivdo qui eat particuli~roment bien adaptd6e 6 In

localisation des signaux A large bando.

3.3. Les Wfets de la propagation

Lesperturbations introduites par lapropagation jotintutn r8lo fndamontae n
5uerro Electroniquo. Co sent els qtii lo plus souvont limitent los performances
des systknios do localisation

Lorsquo la propagation a lieu on esace libre, il sufit quo Ia puissance rogue par
chacun des rdcepteurs doleo chainod goniombtres seit stipdriouro A tin souil.

Dans Ia cas g~ndral, des multitrajota existent. LTir efrot eat trbs variablo Solon Ia
valour du retard c entro les deux signaux ot lea syatbmes censid~rds.

f _ __



3.3.1. R16ceptoursat tgoniombtres classiques; - Signoux: A bande 6troito

%a. quo Is retard entre Is tr~et Io plus court at lee autres trajets dovient sensible
par rapport & la pdriode do la fr-6quence porteuse, des mntrfdrences apparaissent.,

gi ;comme cola arrive souvent~ las retards diffirentiels entre trojets atteignent
plusieurs -dizaines do p~riodes de l'ondetranmiae, l'amplitude observ6o, sera
perturbdo et parfois trbs infdrieure A caldie au soul trajet principal. Codi limits

asnsibilit6 pratique des chanes do radio-goniona6trie.

La. combinaison d'ondes de directions dlfdrentes a do plus pour effet do claformer
localenient. Is front d'onde ceqjui implique des errours do goniomdtrie qu il n'est

.aspossible do corriger, leo antonnes ayant' ,uno rdsolution angulaire
mouffsantes pour r6parer lea signaux des diffirents trajets.

3.3.i. IMeter etono rea classiques - Signaux A bande la=r

Leo performances do ceo dquipements vont restor analogues A cellos obtenuos our
leo aignaux it bande 6troite tant quo Bit << 1, B 6tant Ia bande du signal et -r Is
retarddiffdrentiel entre lea trajets.

LorsqueB~c est voisin do 1, leo errours do goniomdtrio vont avoir tendanco A
dindnuer. Los signaux correspondaents aux: trajets multiples commencent, A so
d~corrdler par rapport au trajet principal. Les meouros d'angle ou do retard entre
r~cepteurs prdsenteront un bruit sup~rieur A colui qui aurait exist6 sans trajeta
multiples, mais il n'y aura plus do biais.

Loroque BT > 1, l'effet des multitrgjets devient n~gligeable, leur contribution A
Ia puissance de bruit dinilnuant avec Ie taux dMalement.

3.3.3. Les ni6tliods modenes: Is traitement d'antenne

Leo thdories modernes du traitenient do signal mettent en oeuvre des
algorithmes souvent assez complexes. Toutefois, Ie calcul proprement dit
commence -toujours par localcul d'autocorrdlations ou dintercorrd ations entro
aignaux regus par lea diff'~rents capteurs.

Ceci permot d'effectuer en tWe une rdduction considdrablo des donn6es, leo temps
d'int~gration maximum n'~tant limites quo par stationnaritd gdographiquo des
cibles. Do plus, IL Ia seule condition quo Ie nombro do capteurs est supdrieur au
nombre do cibles prdsentes, elles pormettent do localiser simultan6ment toutes
lea cibles, me s leur spectre de puissance sent identiques. Ceo mdthodes sent
done particulirement adaf tees A la localisation des dmetteurs A bande large. 11
taut. noter cependant quo les trajets multiples, dana Ia mesureoZ Is produit BT
"eat sup~rieur A 1" correspondront A des sources euppldmentaires.

Les traitements adaptatifo, en sdparant lea signaux: issus des diffirentes sources
devraient permettre d'identifier la trajets multiples par estimation des retards
entre lea diffirenteo voies do rdception, et d'liminer leo sources parasites.

Tous coo traiternents pouvent 8tre effectwls sur des antennes lacunaires de
gdomdtrie optinus~e.



Ces nouvellos m~thodes de traitement de signal peuvent done aporereuceupen Perre diectroniquo. Elles sont particuli~rement adapt,6es A Iocaistin &es
dmission kbande large; que Co soit des 6missions,& saut dofrNquenceon des,
hmiasions 4taldes par . codage,. eni prdsence de tr~ets miiltiples.Elles 'ne sent
mises en 6chec quo par les signaux A bands 6troite tela que Bt < 1, B dtant la
bando de fr4quence dmise et c le retard diffidrentiel maximum entrie lea
principaux: trajets multiples.

IV. LE B ROUILLAGE

La rdsistance au brouillage est Is caractkristique Ia plus souvent avanc~e, p our
justifier l'adoption de systhmos de transmissions A bande large. Nous a1Ions
examiner successivement, leur rksistance au breujilago involontaire par lea autres
dmissions et au brouillago volontairo s6lectifou non.

4.1. Le broulillage involontaire

L'encombrement do plua en plus dlevd du spectra radio.dlcctriqtie rend do plus en
plus difficile 16 d~veloppement do systhmes, do communications. La, protection
centre los d~flauts de propagation, ]a correction des erreurs aldateires, l'acczs
multiple aux canaux do transmission impose un 61agissmet du pctre ilmis
qui est lain d'Aro n~ ligeable. L'intreduction-'do Ia technique a - utl do

fqusnce,len rendant aatoire l'apparition do broullleurs do fort niveau permet
d'uniformiser In qualitd do service offerto aux: diffdrents utilisateurs et amadliora
les performances globales des rdseaux radio-mobiles. Lorsue l'emploi des
frtquences par los difftirente utilisateurs n'est pas coordorint, la prebabiliti do
collision est plus tilevti et l'aute-brouillage augmente. Toutefois codi pout Atro

Iacceptti dons les systbmes, iilitaires. Uas signaux: A bando largo obtenus par
codage coexistent beaucoup plus difficilement antre eux at avec la timissions
classiques.

4.1.1L flg den badelre uiisntlccs mti

liorthogonalit6 des codes d'talement no pauvant titre obtenue pour tous lei
dcelagestemporels, lea signaux des difftirentes liaisons s ceniperteront d'uno

fapon analogue A un bruit blanc additif. La dtisttalement procurr un gain en
rapport signal sur bruit b, b titant Ie tonic d'ttalement. a1 n rtisulte quo los
systb~ma sera bien plus sensible au browliage par dimetteur prache qu'un syst~me
clsssique qui odmet courammant unk protection do 80 dticibals sur los frtquences
proches, il'exclusion des deux conaux adjacents.

4.1.2. Le-brouifloge des syst~ma A bado laree par les afrnaux: A bando itoieM

Comma donis Is cas prt~ctdent, souls la systames AN ttalamant do spectra par
codago sent sansibles A cotta forme de broullage. Las signaux A bando titroite, ou
m~me lea perteuses puros, centenus dons Ia honda dtitalement, soront trts
r rturbants. Uls no sarent tilimintis quo d'un facteur b, A mains qu'ils n'aiont pu

tr itd vant dtistalement au prix d'une distersion du signal utile.



4.9- le broulllage volointaire.

Ce type de contre-mesuro dlectronique est celui auquel on pense quand on parle
de brouilisge des sy:stkmes militairea. Nous'-allons distinguer deux classes de
brouillages qui se diff~rencient par leurs objectifs : 10 broilage de barrage et le
brouillage intelligent.

Ce broujillage vise A interdiro toute communication dans une zone donnde et une
bande de fr~quence choisie. Pour atteindre cot objectif, ii suffit d'dmettre un bruit
suffisant pour perturber lea rAceptours situds; dons In zone choisie. Cetto forme do
brouillage est, strictement aussi efficaco contre tous los types do transmission,
qu'elle sOit A bande 6troite ou A bande large.

Une ldgbre anidlioration do l'efficacitd do brouillsge, pout - tre obtenue en
concentrant W'nergie 6mise sur une partie do la bande ou dans uno p~riode do
temps bien choisies en fonction des caracthristiques du systhmo A brouiller.

4.2.2. Le brouillage intelligent

Le broullage intelligent so fixe deux objectifs ; no brouiller quo los dreissions
ennemies et augmenter 1'efficacit6 do la puissance do brouillage. 11 suppose donc
uno bonne connaissance du signal A perturber et son interception prdalabtle.

Un brouilleur intelligent doit donc trier los signaux intercept4s, choisir parmi
ceux-ci los dmissions ennemies los plus importantes, estimer la probabilit6 qu'il
parvierme A brouillier los rdcopteurs. auxquels ellba sent destindes et enfin
dmettre los signaux do brouillage los plus efficaces.

Sicette stratdgie dtait rdaliste sur des signaim & bando 6troite, dmis sur des
Nrquences fludes, ebbe ost do plus en plus difficile A mettre en oeuvro contro los

liaisons prothgdes.

La durde des paliers des liaisons A saut do frdquence ost plus courto quo los
,temps de rdaction des brouibbeurs et pourrait descendre jusqu'A une valour tolo
quo Ia dsffirence do temps do propagation entre la liaison directe et le chornin
passant paor le brouibleur interdise A celui-ci toute possibibitd d'intervention. Face
aux systbmes A ktalemont do spectre par codage, il semble impossible do rdaliser
un brouibleur plus eficace quo lo bruit, mtme en sacrifiant la protection des

sgaux ais, un brouibbag rdpdteur no parvonant m~me pas A rddmettro A
te o Isia interceptd.

Los systbrmes do tdldcommunications A bande large sent donc particubibrement
efficaces centre le brouilbage intelligent.

V. CONCLUSION

Ce tour d'borizon des probibmes lids A la guerre dlectronique montre Ai l'6videnco
qu'il n'y a p as do technique prdsentant simubtandment les moibbeuros
performances face &toutes los menaces.

IM
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Si lea transmissions Ai bande Iag sent plus difficiles A interceptor, ii n'est pas
afir que leur momns grande sensibilit aux dMfauts de propagation ne permettent A
terme des prdcisions de localisation des dmetteurs bien supdrieures Ak cc qu'elles
sont aujourd'hui, grAce & l'emploi des mdthodes de traitement do signal
modernes.

Enfin, leur insensibilitd au brouillage intelligent eat.payde par un niveau
d'autobrouillage maximum, incompatible avec une uti isation intensive des
bandes de frdquenco radio-dlectrique.

Ces conclusions gdrales no doivent pas 8tre app1 udes sans discernoment A
tous les systames. Solon leurs conditions d'emploi, 7os diffirents avantages ot
inconvdnienta doivent 8tre ponddrds. C'est aux responsables opdrationncls do dire
in fine quel eat leur choix.
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SYSTEMIES ADAPTATIFS ]LARGE BANDE
NVIDEBAND ADAPTATWVE SYSTEMS

P. FUERXER. D R.ET. D61tgation Gintrale, A lAxcaement
C GOUTELARD, LR.T.T.I. UniversMr Patis.ud

1. j1NR D)JIO 11 -

U:Adaptatrit6r est un plhtombne naturel qui assure la rfga~atios des ivolutions. Eile eat utlste dams les
techn~ques de traitement de signal 0~ elle trouve des applications dans Its doasaines lts plus vari6s:
propagations 6lectrontugn~tique ox acoustiquc, g~oplaysique interne ou esterne, analyses naddicales
traitement des Images et des sons-.

On examine dana cot expoad diffirentea techniques utilisdes puis on compare leus performances. Le
traitement des aignaux large bande eat examind par comparaiaon avet le trairement des signax A bsxde
4troite. l1 en ressort un catalogue des p-obilres rcncorstrds es de Ieurs soluiot6.

Lirfluence de la propagation eat discutle dana ue demitre 4tape au coues de Isquelle use conclusion eat
apportde.

IL - FMNII ATON GENERSALE.

Lea systtmes adaptatifs peuvent, en traisement du signal propre aux piroblines de propagation. esre classhs
ea tunix grandes catigories.

* Lanalyse de signaux recus dont Ie formalisme de Fourtier nest qu~us des aspects simplex. et
bien conau.

- L'adaptation dune r~ception A us signal temporel ooan qul est utilishe pour dustuer Is
function de transfers d~un canal doss on veut corsiger lea ddfasa.



L'adaptation d'un systanse do capteurs conssituant use intenste A un environnemsnt on mie de

I'analyser ou pour assurer use riception optimale.

Ces troiS aspects peuvent atre syntbdtisks danm un mime formalissse qui persiet do ics trafter psr des
mithsdes identiques, es d'en faire use synthlse. Le probItlme des assesses adaptatives; apparait cornsne le
plus complet car l introdult. psr rapport aux autres, une dimension sspplimentaire : 'espace. Use notion
gntirale, apparralt psr l'utlisatioa drun rice pteur i Ni entries Ioose ravait, &4s 1963, introduite H.
MERMOZ (1). Cest done par les assesses adaptatives qua itt abordle cente itude.

11,11. Formuhslio du rgrol)tMsi

On consilre sn ensemble fin! de P sources or Si ensemble de N eapteurs constitusat I'antenne
d'un riceptesr A N entries.

Soit sp~t) la forms anslytique du signal de la p lRme source observie en un point Op, qul post
atre Ie point d'tmissios, es b5p(t) ls riponse inspulsisnselle du canal este Op es le capteur n.
Aloes le signal rn(t) dflivel par le copteur n s'esprisse par

.( Ih,,(t) * 9,(t) +b.(t)aaec(I

Rnt s e butpropre au capteur 5.

Solent R,(f), Hnp(f). Sp(Q or Bn(f) lns transtormles de Fourier respectivemcen de rn(t), lsnp(t).
sp~t) et bn(t), alora

Si on pose

alore

P



Si on fait I'lypothtsc de l'ind~pendance: des signaux sop(t) et dcs bruits bn0Q), alors Icensemble

(snsp(l). bn(t)) coftstitui une base d'cspace vectoriel lF, lensemble des signaux re u et fte

repriseWt par sin vCcteur:
P(Q HO SM+ NO(4)

[R(,R2(t) "Rh(t)I

t!(f) (if jf . ,f

11(f) - I I- !(" I - d(),(f .d()

X exprime us vectesr de lespace %ectoricl
A exprime la transposie de la matrice A
Lea pararmatres Hnp(() sass Its funictions de transfers dui canal lusnt Op au capites n

Us(f) rut It verses: des fonictios, de transfert dui capie n asa Points Op

dp(f) apprid veesesr de direction de Ia source p. est It verses: des

foscsioss de transfers dui point Op ass ditfdrents captesra

Si l'os forine It signal y(i) (figure 1) par la soiuov- pondtrie de signus issus des capteurs

y(t) -wr (6)

05s W' - (Wi, W2 -. WI5). il de~rient possible de balayer tost l'espace vectoiel par viuiatius des

coefficients W5.

Si Y(l) ess la transforunie de Fourier de y(t). slurs

Y(t) - EmX~( (7)
et Capras (4)

or

wTI-l(f ( A,. A2- ~AV.Api -lT~S (9)



et Xaprts (5)

Si on vent rea i cl'n (ete10) s~) 1 iutqe

IfrS -(A, 1.A:--A~ p 0 Ap - 01

On dolt done r~soudre un "at n-s iiare, de, P Iquaions A N inconnues.

*Si P - N, le syst~me tit fermif I& solution cst unique ct
Wr - fi 1 1-1~(f) (1

Tousles coefficnts sont dttcesn&s

Si P < N, le spitbrce cit issditermnn et on peut imposer N.P conraiintes.

*Si P > N le systkinc est. en gindmsl. Incompatible.

Soit E respace vcctoslcl ddfin] pae unt bms de siguatit rn et r rappication de E x E dirts C
difinie psr

r(r, ri) " r, r,*dt (12)

Cetic aipplication est line formne sesquilindalre rermitienne
otx r' dinote le conjup6 dct r.
L'endomtorphisni

D~) -rfl) r +F(r r2) . r + -rr. rN) r
cit difitnl par la osatice r:



Cette matre en: done henrnitienne, ddfinie positive et diagonalisable.
Sea coefficients nientrent Ptnergie nautuellce ntre len diffirents signaux rapids.
fl existe donc utin base de vectire (r0 (t)) pour lajuelle la rnatice eat diagonale. Ces verleurs
sont obtenus par la ponderatiun den vecteurs r~)

r, - ,r. (14)

ot) en est done tin vecteur propre de l'endumnrpbitme

X~') . r'. (5

et ('endosnorphisme s'Lcuit alut:

ozi

Z(r') - (r"Cr'1), ["Cr'2 ) ... [,"(rI.))

A - Diaq5 1  .. 5,9

-(r'
2
, r'1 ... r5 )

n: Inl puissance du signal pinpre 4.
On peel done eyailidiiser len nignaux propren qul son: len tiptoes orthogonaux prtnentn dans
('espace et HI eniste tine matrice de passage de Ia bane (in) A In bane (e.)



04 (16)

WI W2...Wo VII

V. difinissant to n IUme vecteur ope
Si r, w rn~t) est appelie rnatrite do ovarance.

La forme

0~ E(X) denote l'espdrance matbdmatique do , est scsqu~lndaire hermitienne etla matrice r
appelfe matre interspectrale s'dcrit

(17)

r(f) - E(vfR*f)E(nv(f) ~(f)) ... E(iN(f)%- ft)

F = E{R() RH(O) (18)
oit RH(f) ddsigne la esatrice transposde conjuguie de 11(1

F (f) est 3ppelle matrice interspectrale.

Si on adniet l'indipendance des aignaux et des bruits alors, d'aprls (2):

(- H(Qr(O HH(0 + TB(Q (19)

rs(0 - m(~~() natie Pa

rB0-E(B(OBH(0) matrice N x N (20)
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Si les sources soot d orrdles, Ig(o eat otto matricodiagosale. si cllen sent partellenient
corrdldes, elle oat henition or si los capteurs sdnt alignsiquidiasant& et st les fronts dondes
sont plans otto cot Toept.
La matrice rs(o Isornatienno oat do rang P.

Los bruits ftant soppendo dfeorfttis et gaussiens, it soot statiatiquemnew. dtifinis par louts
moments dordro I et 2. Si ol oat lout varianco ators:

rB(f) - 0' 1 (21)
obi Ilots la matricoe identtt.

11 scnssit quo r dtaot horositienn o e posade N vateors propres rieltes, positives oo sulles
qu'on pest noter psr ordre dtieroissanzt.

auxquels on pestassocter lea N vetesspropres y1Q)-.Nf)

Ces vectests difinistent on l'a v.un basoorthogonato do lespaco vectoriel.
.11(f) rS5Q) 1-11(f) construite k pattir do P signasa cot do rang P
Elle posthde donc P vateuts propres positives es N.- P vateuso proptes suites

asaquettes on asaocio N vocteurs propros

tels qo
(Ln(Q) poutsn < P + I sent ddfinin par loo P sources
(Lln(Q) ddfinissent to sons espaco complimentaire do precdent. tin sent done dtifinis A

one notation pita.

Alorn post tout vectest propre

H(f) rS(l) HH1 (fOin - pn(f) lln(Q - [r(f) -rB3(f) Un(Q (22)
dose, compto tens do (21):

r(O110(f) - IPA( + 0' 1 Un(f) (23)

Cote expression moutro, quo t'(f a lot tutmes vectcurs propres qse rS(f) et quo l'espsco
vectoriel peat ttro scind6 en denxstoss espaces oompttimentairms

L Ie premier appet6 seus espaco signal dtini par lou, P prenders vectests propres es vsleuss
propren tels quo



YA V~f) Ysnf),'(24)
o& An5 (f) > 0Oet oil les veceuesrs Va(O) fomsent une base orthogoale.

-Le second appeld sous espac brsuit dtfini par lea N -P dteres vecteurs propres at valenes
propres tels qat

yn(f) - JJIA - 41)(2-5)
oit n (P+ I . N) et oil lea vecteura Yn(O forment sine base orslsonornsde de cc sous enpace
orthogonsal au pededdens.
D ens difini par les plan pesises valears propres idcnsiqses de r(l) at odefitnt la relation:

.Yj'( VsnQ) - 0 Vn C (I -..P) (26)

Oil -B I" Vp+ 1(0, Vp+ 2(() -VN

LVestimation, do la sararice inserspectrale eat ssn probltnse snjear qui sera discutt par la suite.
Do ces essimatsions ddpondent I& qalW des traitements effectads, at dana les probliames qui so
rastachent an propagations l'inflence da canal denient soavens prddonainasate.

U.13. Tialtemensdaslgnnc
U-s ssaitements d'antennes so clannens en dean gandes casdgories:

Si l'objectif vis4 ens d'am~iorer In qnalisd de la ricepsinn. on effectne sin scaitement en vase
d'extraire de l'enaemble den P sources sin signal psi ticsuier, par exanmple comma on l'a vas. Ie
signal 1. Dana cc as on balaye, A I'aide des coefficients Wn (figure 1), lcspace source pour
adlectianner In vectear propre VI(f). On effectne aloes an filtrage spatial comsparable au flsrage
frdquenziel main tras dzffdrent dana; sea rtudants pninqasl deviant possible do shparer des signaan
de tr~nm friqaenee. Ce rdsltat eat obtenuaen criast simplensent des zdren daan le diagrananse
de raynanemens pour leas directions dlarivtes des sources indinirablea.

Si l'objectif es dobsenir des informsations tar les sources, relles qa lear puisnance lear nombre,
lour direction d'aerivie, loraqa'ellea sont difinissables, on rfaise sine optration plns prdise
appelie iragerie. Le can le plan friqaent conainte A diterminer Is direction d'arive den onden
en sapposant qa Ie (eons donde eat localensent plan. Cette Isyaotlsie suppose dana Ie cas Ie
plan simple, qa lea surcen sons ponctuelles es floigntei de l'antenne.

Dans ccs conditions, al Ion chlsit lea points Opean 0 sita6 aus vnisinage immaddiat de l'antenne -
on prendra en ghntral sin capseur de I'antenno -en enprimnns

sp(t) -Sp(t) oJ"'o
5

o4s Sp(t) ens lenyeloppe conaplese (27)



&lots It si~sa ICVs par It eaptear n peut Iffe exprinser par:
sn~)- SpQ' - sp) j-0,0 (28)

0 op et flo soot restivemnt Iea temps de phase, et de- groupe de rondo p ware Op et It
eapteur a.

C S~i le milieu est localcmeat non dispersif. ovec: Iea hypothhaes pridenetes en droisiswan an

~rer'ue eaEoa es. irj 4) e,-- Pealpant ;, I- %sOctei dondod&-ronde p.

rn oani + yy+ n iizlc vectcur de position do capiear n repdrt par sea ooordowitecr.,
yo,%1~darntRerep~re ehoisi, alors:

£4oinp -Joi'rp - kpcO
et Sop(t) - sp(t . rap)

La earactitistiqae de transfer est aloes dtfirtie:
*par I& reponse impulsiOnflelle b np-(t - ,p) ou

*par la fonction de transfers II., .ei-ni, ej;t (29)

La mnattice II(f) donnie par la, relation (S) prend sars sear forme partieselitre caractfriske Par It
veeteur de direction dp(f)

(30)
La COftnai$SaneO des vecteurs de positions Fi prmes de diduirc la direction d'arrivie des osdea
de I'valuition de la mattlce intetspeetrale.



Les signaux ddivrds par des captcurs disposts sur use droite et de f2Voz &luidistaste donnont un
Ublantillonnage spatWa des signaux (figure 2). La frquenco spatiste - longuese d'onde A. du
signal &ltantillonnt eat lite A la losgucur d'ondc X par la relation A. A/sin 0.
AinsL, deux ondes dc nifine friquence poureont 8tre distingulot par leur fr~quence satialo a
condition quo leurn angles dJaffivio tt'alent pas des sinus igaux. Si on elioisit cOMato Point de
rifdrence, la pronitre antinne du reus esx dispos6 tsr la droite du rdseau, alors en appelant

I.la distanc entre deux antenines:

(31)

Si on cossidae unsSignal temnporel, corspos6 do p signaus ortbogosaux et ichantillosnds A des
instants (t, t-Te, t*2To.., t .(N-l)To), alors leon iRme iclsantillon vaut:

r,(t) b (t-nTe) * n,(t) + b $t)

(32)
et a pour transfonntc do Fourier

Pm(f - i(f) S,(f) + Bx()

(33)

avec Hn J( - 0 Te (34)

Los relations (32) (33) ot (34) out Ia tmeo formeo quo Its relations (1), (2) et (31). Ainal,
richantillosnage spatial d'ondes par us rdstuu rectiligne avoc det captoes iquidistants etf
richantillorunago temporel rigulier conduisent so snemn formalissno.

Use simplification apparalt copendant dans lt cas des signus puisque tout let vecteurs
directionnels do la matrico 11(f) sent identiques:

cr 
1
11 s(o - H1 2(0)". 1

lp1A



L'estirnation idoR(f) 01slaors faite serles dhsntillons suotssifspoisquo

rtnTo) (n+ nl)(r)

Los osdthodes adaptatives se ramarient suir schbdes do la figure 3. Les signaux lasus de capteurs

(ou o ligno & retard) iont combinds dsns en filtro dont lts coeffidcnts son: ijstsbles.

Le signal de sortie, y(t),est slots; conipard A en signal de iffdrnce - qui post d'sillesrs atrc its!.

or iso algorithmse d'adaptstios rend minimumt la contigne i(t).

113.l.Sjjlerdfrgl

Si le signal de reference eat oans, le critkee ds'daptativMt conduit A rechercher le filtro qui, en

misirnitant la oonsigno c(1). 11imise les signaux inddsirables.

Co principo ott utills6 dana Its modems sutoadaptatift lorsqo'un signsatl ott stdris. La fonctkon

do transfert 1(f du filtro est, A one constante pies, l'inverse do la foriction do transfert do

canal.

Si lo signal do reference est clui fouriti par ion caplest (use priso de la ligne. & retard), alors lo

filtro sura posur rglo do pridire so valour. Si De(f) et D5(f) sost los dcnsitis spectrales des

signuo d'entrtcor do sortie doun (ire lirndAire do fonictios do iransfert HR(f) slots

D5(O - I HR(f)12 D(f)

Si on impose De(f) w Do, broil blanc, slots le spectre ds signal post Wle determnteo on ajostant

los coefficiens do filtro pridicti!.

Enfin, si lo signs! do rference ost mil, en oondra minimum to signal do consigno en rotpetnt

cernaines osltrsislon. costro par exemplo Is garsetie d'un gain d'snronno (tao dams use

direction dosofe. Cello techniquo oat etlile dam le, cas 4k I'on vest recovoir one osdo dost la

direction d'srrivtcost connue A priori.

Lavantago des vysttme~s adaptalits apparalt $implement a trsvors Ie dernier exempt cite. Dana

ts formation do voto tlasiqse. pour roevoir une source do frquenCe fo dont la direction 00

d'arrivie cat connue, on forme lo diagrantro posr oblesir Y(f 0 0) maximum cctto notation



introduisant la notion de direction d'arrirde de ronde dust dipend. pour on vecteur 3y doand, le
signal y(r).
Si tine source parasite do frdquenco fb existe dana la direction b. la, formnation de vein dlasoique
ndvito pas qoc dans ette direction to gain d'antenne suit diffirent de Wdo.

On a no quo si P < N il itait posoiblo d'snposer N -P contraintos au systtme. On pout dame cot
conditionsn impose

Y(fP. OP) " I
et adapter lo vecteur 3Yn(fo, eo) do faion optimale en tenant conopte do t'environnement.

11. LEtS METIKODES ADAPTATIVE

Les 4tudes relativos na nndthodas adaptatives sent noinbresos et it no pout atre envisager de
les analyser routes. Nus doniterons tiroplement one clssification do ce$ mttbodes en aigalant
pour les principalet, ten avantoges et too tirnutes.

Cetto partie de t'oapos6 repose nor to traitement d'antenno poor tequel le problme eat plus
gdntrat quo le trairement Wrqsentiel.

On pout clasor ten nstodes adaptativen en dean classos:
Lo mithodet parasnitriquet. qui nappuient nor nn moddlisation A priori du signal.

-Leu mdthodet non paromttriqoes, dites rndthodet ddcooplies, qol eappuient sor la
decomposition on noos espaco orthogonaua dotsa nntrico interspectrale.

Les pretrifres asorent, dosne fa~on gdndrste, one rncilteuro risolution, mais sent sensiblet so
bruit qol introdoit den incertitudes et dot biatn dans let ednoltata.

11.4.1. M6ttiodes parnsdtrig~en

Coo nsdttodos sent los plus anciennon, Its prcmnitres propondes en 1969 par CAPON [2] en
analyse spoctralo par BURG [31 (4] en analyse spatisle, ont Wt perfectionnies par difidrents
autours (5] [7]. Rmmcennt MUNIER et DEUSLE [6] out noontr6 quo cc$ mdttrodes
sinacrivent dana on concept pius gtndral appeld l'AQI (Filtrago Adapt6 Osadration

lntdgration).
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11.4.1.1. Mdthode de CAPON

Cone rudihade basic sur la reclierche diu maximum dui rapport signal A bruit eat aussi appelde
ruddiode it maximum de vraiucmblance et denornde MLM ou MI (Maximum Ulcelihood
Metbod).
La puissance du signal y(t) (figare, 1) ext danado d'aprls (12) par:

Lorsiqi'iI n'y a pas de source dans la, direction dobservation so, la puissnce regno ext cello du
broxillage.
Ox chorche dans cette mdthode A rendre P(f,e0) inimirum en impoxant la conhrainte

YMfO t) - H"M 0) R

qui impose un gain unitaire, dam la direction en.
La rdaolution do cc prxblame qui peat Rtre faite par la mithxde des multiplicateurs de
LAGRANGE conduit xii vecteur optimum:

R '"f(f, e L )

et l'easimation apectrale ext danrie par:

Paims) - (ems) I-(f)B ef,)3.

IIA.1.2. Metbxde do peddictixa linlaire

Dami cottic mithodc on effectue axe pridictiax lindaire cx pronant comuse signal do rdfirexce
danm la figure 3, Ic signal rn(t) ixau d'un captear de l'anteane (ox Idehantillox rn(t) dams It cxx
do l'anayxe apectrale). La vateur peddite y(t) - rn(t) ext done compardo ax signal r(t). Ox
cherc done A minimisor eQt) soux la euxirainte qoc Ie premier coefficient dui filtre (peddicicur
+ comparateur) boit egal A -1



avecu T 110 01
Le ecicur optimal s'cxprime alors par

-,r(f)u,
Wm -uj'(f)

et le spectre etitim eat

f ) ujr'(fui5

11.4.13 Syst~mes]FAQi

Dana ete mtaode, YQf) est multipi0 par on scalaire compiexe 8(8) de fawon A d~termnerc

, (J,O) - CC 1a(8) Y(f) gi)- la(0) j(f,0) r(f) H(f,0)

Le prncipe consiste toujours; A balayer Icuspace vectoriel engendr6 par les aignaux captds pour
stlectionner les vecieurs coliniaires aux vecteurs sousre et 1i lir les autres composantes.

On otitise scion irs cas, dcux lois diffircnfes pour I a(e)1 qui apparalt comme on facteur de
ponddrution.

Si en absence de sources, scul le bnait aubaiste et on impose que P(foe) soit 4gal l a puissance du
bruit a'. Ce cisaix qui correspond A one normalisation forte donne



or lei spectre esia mutaors

Si en l'absence do brit et en presence done scuic source (ix(s)) on impose quo Is, puissance de
sortie soit cello de la source, slors

es le spectre osiim6 sdcrit:

ve(fa) - ~ ~ ~ fe

'rontes Its sodihodes globalcs so rarntn sos systtmes FAQI oi differcnt lcs uses dosausios
par le choix du vecteut d'anasst Ys(f.) es do type de normalisatioun choisi.

Lx Principe consiste balayer loespaco vcioriel des signaux cspies niis Ia mnitre diftre d'une
sodihode t lautro.
Les avasisges offcrts par con mihodes resident dans )a coinpicuild riduite des ealculs ci Icur
bonne resolution. [ours inconvinicsss resident darn lts iospricisios dcs rdssltaits qui dependent
do la puissance do brit qui accoiopsgsess Its signans. Los biais dipendent, non seulcmcss du
rapport signial/bruit, osais sussi de 13 correlation passiclie entro Its signaso.

Coo md.hodes sons basdos sur Ics propritts dos elements propros, dc Is nistrice intcrspectrotc on
sur la separation des sous ospaces signal es bruit. Los preinicrs iravaun dos i W.S. UGGET (8)
et A If. MflRNOZ [9] qul utilisitient le sons espace source pour In resolution do problixnc. Ceisc
mihode conduisai A des calessls imporssnts qui oni Wi alleges par usasoion du sons oipace
brsit. Lat nadhodo Is plus actuelle a Wi insioduite par L KOPP et G. IIIENVENU [10) oi
simultanement par RA. SCHMIDT 1111 qni a donne des itsulitsu gisdraux darns ameibudo
MUSIC (MIUltiplo Signal Classification) qosi a propose.

Noun no ddvelopperons quo cosso mihode, en signalani cepoudans quc d'autron mdsbodes soot
utilisses. connie Is rndbodo do VAF FISARENKO qui pens etre vue cemose us ens paisieclier
de Is csdihude MIUSIC. on In mitihodo norine misimale de R. KUMARESAN et D.W. TUFTS



113] qui ont propos6 une variante assunant coo sneileure protection visA.&vis dui bruit oti Is
mdthode du propagateur propostc par J. MUNIER (141 qul propose en fait cno mithodc dc
calcitl diftdrente des 4!mzents delai matrice interspectnale.

11 a &6d vu quc len vcmeura formant let bases do l'espacc source et de l'espae bruit son:
orshogonaun. e qul ne traduit par la relation (26)

Z~'m(f)Ysn(O - 0

Ceos sous espaces; sont ddlimitda, on l'awv, par let N.- P valeurs, proples les plus taibles auxquelles
son' associts lns veceurs du sons espace brUIt.
Si sI(fo) en: In ruodde norm6 du vecineur direesionnel dc l'esae source, =oquc scalaire

0-0.) V (B - , 0-) Vn(Q

a'annulc lorsquc d(feo) oincide avec un vecteur direcnionnel de soure dn(f.en).

la nortmn dclai projection du modtln dc propagations sur In sous espace bruit s'asnule done dana
es conditions, c'est*A-dire

dH(f.0) Vn(f) V13H(f d(f.o) - 0

Cette 4quation possddn done P nacines qui dooneot Ins directions den sources.

Dana cctte oodilisation thdoriqsn, il Cs: remarqunble de conssater quc let rdsultats o soot pas
busisds par In bruit qui o'intervient qso dans len imprdeisios den cdsats. Cautio dans so
grand nombre do c nipe de traitemns, Ia qualit des rdssltats est aenfliorde par use
observation plns longute des signasa et dana la roesurn oO ilt sont suffisatneent stationnaires.

11.64 P50)5tEMES EEL SLIES AUX METIODES ADAMIT]YES EN IARGE ISANDE

Outre len probltmes classiques lies au fait quc les signauso sont jinas identiqucs as modale
thiorique adopt6, modtlc tbdoriquc ajust6 pour permestre de meant avee son complesite encore
acceptable lea enlenis, densx probldmes priocipaux apparaissent lorsqu'on travailic en large
bandc:
- La premier a trait A lecxittene dn tnajeta multiples diseroables qui introduisent des sources
sdparables spatislement et temporellement, probltoc propre na sotnnes adaptuticen et rdsohu
dana len modems.

MI'laI' I SUMAR



*Le second a trait au problartic teclsnologique do rialiastion do filire utilinda tse systarris
adaptatifs (figure 3).

11 est bon de mesurer Its hyobiaes faites nur lts signaux darn Its ilidories sue les sysstmes
adaptatifs:

- Les bruits sent suppos~s gausuirra et cenrs inddpendants dun capteur (6chantillos) At l'atre.
Le bruits aunt done au seen prubalistique ddcrits si on conralt leers momenta jusqukl 14rdrr 2.

-Les signaux sont conaiddis d'amplitude coirplene aldatoire, dost ciraque composante rot
centrie, 00 cersaiss mais dicorrilts.

*On faitr I'lsothhte fonidamentalt de la tationariti et de l'ergod:eit6 des <ignaux resus. Coe
bypothhte sitnplifieattice permet de rersplacer les rnoyrnnes dretaeble, au sens probaliotique
par lts tnooyerines, tensporelles, cc qel oblige l'utilisateur At dieouper Its signahta en intervalles
saffisatament courte r At rechercher Ia tnoyense poer respecter cette condition. Cette conditin

est seuvent inenlide, notantment on large band t cause des interfirenees.

fonetion de trarafeet - sopposde Invariante dana It temps pendant ue durie d'obsetvation. S'i
est toujours possible de rdire le temps doboervatios pour quo irypothhte de Is qasi
statintharte sell valable. cola se fait tonjours au ddtriment do rapport signal/bruit et de la
prdeion des estimations.

Erifin. notatnient en imagenie, if rot seppood que It front doade est difinissable, done qoe
la3nterns no seit pas plnede set see caustique de lorde et quc. sans dtre nicessairement plan, cc
front air no momns ue forme connue.

11 6.2a influtenceesa toef mltinles en la=r baride

En large barde, 1Iraisteree de trajess multiples re pose pan de prublItmen thioriqaen particulier.
ls itttrouoent plutitt ent simpltfication tlseorique par rapport At Ia bande ttroite darn la mesure
sO itn diocertsables Us so prdorntent stparlmert avec des fronts durnde plus simples. Si B eat Ia
langeur de bande, dreu trajeto lost diacerniabir si Ucatit do leer tempt de propagation st
supdrieur 11I/13, aires uls sent considdrdu, cottste us soul trajet it 6vasoaimsment stlectif.



Loroque le fitrage ultilise comosne signal dc rdfdrence uric r~plique du signal souhuitt, eu
Wothodes demneuront utilionbles puisquellcs dtoofillont Its trajls. Pat cont!;, le nonobro de
sources apparentes est lots rnultipipa le Insombre do tralets ct d faol disposer dun nomnbe
d'antennes sufisait

Si Ion repiend Is condition de Mltrage de la relation (16)
W . 11,T I1F1(O)

05

HsT - 110 0 -01

-p( (H1p(Q, 112p(Q. llsep(01
et

H,,(Q foriction do tronsfert du canal ente Op et le captoor n

I] ott clair quo Ics coefficients Wn dt W doivont respecter les conditions sor usc gande largeur
do bando, ce qul otnpltque do fagon considrable le filre.

On peut so rondro compto siodment do cello difficti am Iravor lo cas trail au paragarsphe
11.1.3.

Si on to place dans Iltypothtse do froots d'ondc localemnn plaus, dass un mlieu localeninct
non dispersif aloes d'apr~s (30)

00 encore

qui indlique quoc les fooictions dqoivalentes song des fonictions retard qol so resoovent dons Ia
rialisation des coefficients Wn.



8.19

En banda itraie w* r,, peut ette approeh6 par 0*6 r e, t

qui indliquc que lea foncsin A r~aliser sont, cete fais-ci. des fonctions d6phasage.

Ainsi, Ies traiteinenta en large bande oonduisent i sine modification de la structure des ires
(figure 4) qui doivent utiliser des lignes A retard'

(ten - hl

plutgt que des dipliasurs

(ten e' x, ou A t n - .
4

Cent strucaire pent atre rnndiflie dann lrs rilisains pour siparer In function filtrage spatial
do la fonction igslisalion qui reconatitue le signal utile exempt de dutorsion 11S).

11 est simple alom de voir que le signal sp~t) au point 0 s'dcrivant (formule '27)

n,(ti - SP(t) ow

Le signal regu par le capteur n dana I'hypothtse de la bande itroite est

SM - S M ).i TXlt

On se trouve dana llsypotlhae do la bande Wtokte ii ran pent admeltre que lecnseloppe
complene ne naibit pas do retard entre les diffdrents capturs. 11 aut donc, tilB eat Is bande du
signal et Lla plus grande dimension de l'antenne (Tina durie du signal) que

c * cdliit do londe.
Ceote limitation petit devenir gSnante dana certaina cas



'o1
Ill. - EFFETI DE [A PROPAGAT30 ST-R [E VI' AEDAPTATIFS -

Was cc chapitre, nous proposos douxaminer dans quelle mesuro los diffirents phinoruans interverint
lors, do la propagation des ondes; duos l'onvironnemrnt riel lirnitent les performances des tystames
adaptatift.

De fagon A no pas reprendro la discussion pour chaque algorithmot d'adaptation possible et pour lts
diffdrents modes d'dtalement do bande, ous shuons noun limiter A considdrer dons queue inesro Ia
propagation invalide Its hypoth~ses Iti plus couramssent faites en traitement adaptatif, tout dans los
mnodems quo dana los risesaux d'ant'nnot.

Dams let modens adaptatits. on suppose quo It milieu do tranmssion eat asimilable A on filtre linodare
dust on consignera au mioux Ia function do trausfert do fsao A muisniser It caus d'orresr do Is liaison.
Ceci suppose do fsaon implicite quo Itcnal ott stationnaire.

Un filtre ootinemeut variable au coors du temps. quelle quo soil so structure, noentre pas dana Is classe
des filtres lioniros et sea paraatres no peuvent tire identifidt A l'aide dot nitbades do trairement do
signal actueltes.

Lotsqus Ion panle d'aosennes adsptatives on suppose souvent, do fa~on implicite, lenisteuco as niveau du
riceptesr dune ondo plane provenant do Is source.

Co premier pas franebi. on asacie slurs at ondes re~euots ea ract~res qni ddtcoulent du chois do cotte
repriseststiun simple et rassuranto do Is rialit6:

*Let directions d'orrivie des ondes soot los directions des sources, assi bios damsI lcus du
signal trasmiu par Idmetteur utile quo do ceux des astres desetteurs quo cius disigueroms
sous Is terme giudrique do brosilleurs. Cette byposbbuo seuprimo egalement ern disant
qu'I esiste pour chaque source un front d'onda- plan, It frost d'oudo 6ran dams cc cas use
surface iquipbsse passant par It centro do Issitesne.

-Le milieu n'ost pas disperaif, lts dipbsges lis A Is propagation estro los sources et lea
antennes do rdception soot usaimilables A dot retards puts iuddpesdanss do Is frquence,
mtmo- ti, en raison do trajets multiples, il noxstte plus de front doodo plan.

*L& milieu oust stariounairt. Conmuit dans les modemns odaptasifs, cette Irypoilise eat
foodamentale cur cule justific Putilisarion do filirages spatiaus liudsires.



Enfin, Its sources sont stationnairt. Cette hyotseO sous-jocente pemauct de tout
attrilbuer de nombreuses caracteristiques qui no soot pas toujouro viiie: puisoances
conastantes, direction constante 00 tout n moles lentomeat variable vi-kAvis des temipo
(rdaoptation des systameo. indfpiendanoe statiotique ou au moles intercorrtlatons
constanes. Compte tenu des ddfauts introduits par ta propagation. ccu diffdrenres
hypothbsos soot plus ou moles bica viriftes. 11 en risulte des limitations pratiques sun
perfotmankres des sytimes adaptatifo. Les rdoultats cspirlmentaux sent aiosi bien
iiftrieurs; A ceux quue dtude thdorique trop, rapide pourrait lalaser eorer.

Nous altoes done passer en revue tout Its phinomtrnes qua inturvosent ut andiquer pour chacun les
diffirenstes fsaoun dont ila pourront tire interpritfo par le oysttme adaptatif,

En antennecs omnnidirectionelles it est rare que Is propagation no comporte pas de trajeta multiples.
En transmission haute frquncu, leo diffdrentes couches de I'ionosplhre reovoient des signouo
souvent dieslis les suns par rapport nux sutreu de plutleurs miltitecoodes. En trans.-sloolon SOUSOL
on SOL-AIR l'eittence de trajeto multiples cot tr.'s friqoente, notamnment en milieu urbain. Des
diffirences. d- tempo d'arrivie nllnt jusqu1 10;&s sent couramment obourvies en VHF et en UHF.
Let trajets orrespondant A ran mhme retard peuveot Wte attribuds i des rtflecteuro aitudo our one
ellipse dont les foyers, sent Imetteur et Ic rdcepteur.

On dstringuera dus ellipses partleulitres:

-La premitre eat relipoc do Freonel qui correspond A one diffdrenee do temps do propagation dora
quart de longuour d'onde i frdUquunee do Is porteuou utilisde. Les obstacles situds does curte zmae
affaiblissent to tignal tranmis maio ne crient pun de trajuts multiples identifiablut.

- Une ellipse corrospondant A une diffirenee do romps do propagation do. &oT par rapport nu trajet
direct tel quo:-

4T X B -7

Les ichos proveunant dobstacles aitudo & lantirleur de cetto zone no pourront pun 8tre sdparls du
signal direct. lts prodoiront une dittorsion pdriodique d'amplitudo et do phase du spectre de pdriodo
F telbe quo:

ILI



La bande B dui signal tsansmis diant faible par rapport A F on observers sculce ieit uue dispersivit6

Ced sera pseticulitrement gbnant dans les anteesses adaptasives. MWmc des trajets. multiples de trts
fsible nieupuetlim'iter la, rdjection maximale de brouilecurs, Iorsque Ieu algorithmes bande

itotsn tlss(eet-A-dirc lorique len pondfrations sost indtpendantes; de la frquence).

Pour elisque friquence do la bande, on pourra considdrer que It front d'ondc W'est plus plan. Dams ie
can de dens ondes de m~ine polariatios. arrivant scion deux directions faisant ene e dles un angle a.
la ddformssion dui front donde aura sue piriode spatiale L telm que:

L - x

A lextirieur de ccste ellipse, len diffirents; trajets deviensent progreisivement idparables en scamps
d'affivie.
Pour sine ansenne udaptative, cu delsos sons alums considirts comme des sources indipendastes et
peuvent etre 4limints, dam s mesure ob leur sombre ajoutt A celui des brosilleurs A 4itminer resse
infdrieur an nombre de zdros inddpendants que peas crder lalgorithme adaptatif.

1I.2JAMDEEU fraFIIEU[Qfl

Las inhomogdnditis de la basso asasosphbre diffusent les ondes radiodlectriques. Bien que In niveas
den ondes diffisds soit teas faibile, cc mode de propagation cut isis It profit dams des faiscum
Ilertieas iranshorizon. Le diffuseurs sitads dams le volume dilinsii par les faiwcaus des assesses
ddiniission et de fiception eonribuent au tramfert d'dnergie. Le sombre de diffuseurs inclus dams cc
volume 6taat trhn grand, Ia sorise de tosses learn contributions cit us signal flucssant dams lc semps
sclon use loi de Rayleigh (ou do Rice si on disire Wte plus prdcis).

Deux assres diffdrenses ou dens faisceamx pointds dams des directions diffdrentes receveost des
signaux dons les fluctuations ions ddcorrelees.
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Cost pour riaoudre les probibosets posts par ces liaisons qu'ons itt cotomencies les frudes dVaosennes
adaptati~cs. 11 fallait 4tre capable do combiner de fajon optinsale lts signaux foursis par plusiets

rdoepteuis.

Dans los syattres adapsasifs. cotte diffusion tropospbdrique ont gintralemcnt ittgdge. 11 n'eat pas $Or
qu'eellc pourrait l'1sre dams des syst~mcs qol vistraient des peformansces beascoup plus llevtca
quaaujourd'hsi

Lsoosapbr cot so milieu dispersif. Los spddialistes de transmission Haste Friquenco It savent bien.

Cotte dispetsivit6 ddorolt en fonction de la friquenco. On adroet quo pour un satellite de
radiolocalisation lecrreur qu'elle introduit sut le temips do propagation de grospe est dejla forice

Conte errest, relativement inrportante At site bas, Ioraue Its rayons traversent lionosplitre sur use
tongue distance pest &tre sensible sr sit systf me At bande large.

D'une manilire gisdrale, tons les phinomats dipeadast de la longuour d'onde introduisest do la
dibpetsivitf. La propagation our terre usie, quo 'os tiesno coropte u non do Ia rugosit6 du aol et do
microrelict ecot so phf~ombae disperaif. LUs objets pisefa au voisisage itnmidias des anternes
modf ent louts iospidncea es diagrasmoes do rayonnetoont. Meme si oncre pout pius parlor do trajets
multiples, cot obstacles perturbeot It frost d'ondeet orient use ditpetsivit6 apparoose du milieu do
propagation.

111. 1A STATIONNABtITE MY1 MILI EU

11 Ott bien comsmode do aupposer It milieu saionisaie post dssblir des rfsultats sbdoriqueu En
rdalit, ots lsypothtsc We'st jansai; vtrifi~c. Conmmit les radaristes le savnt bless, lts signaux tfdmnis
patioes diftusours At l'origino, dot trajes multiples fluctuent dsns It temps, 11 oat possible do ptfdito. on
fosesioss des conditions mftorologiqlues, do l'envirorinement terrestre as maritime, It nivoas et Ia
bando doppler dot dolsos do fosillis qui lest soot associts. Ua trajes principal lul-rmime n'ost pas
exempt do fluctuations. Toute vibration do l'antenne ostrainera tin d~placement do sont centre do
pbase. Un ddplacomnt do colui-ci d'une distance I cos wt produita use modulation do pbase dus signal
recu correspondans i raddition dun signal on quadrature do niseas effiosco relatif:
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Pour

-10 ca

I O,1mat

on trouo CO7d.

En haute friquenMe A 10MHz, un d&placement d'un (ours de 3 cm praduirait un signal payasite do
niveau relstif -47dB, cc qui eot loin d'lrrr n~gligeable.

Dana les moshfl a non stationnaritt des signaun r~sultcescsentiellement du ddplaeement des
vehicules par rapport A I'envirosnement et do i'un pat rapport i r'autre. 11 oar facile do se rendre
compte qur Iorsquun aironef dvolue dana I'espaee, Ics directions dans lesquelles so trouvent irs
sources peuvent changer rapidement.

Les diagrammnes d'antenne rsdtant connus qu'Imparfaitement. di sera difficite de prvofr IeS variatIons
de champ regu par les antennes qui en r~sulteront et d'ajuster en tenmps fiel lra coefficients des riltres.

Le diplaeent des piaces mobiles comme irs lidlies d'avions dr pasroutite maritime ou les rotors
d'hilieoptre modifient les signaux regus. Par ailleurs ibrations de ]a structure, en modulant Ira
iehes proches. ajosteroot A routes ret fluctuations des composantes rupides. Enfist, lrs trajets
multiplesoeomportaot au momns soc riflesion sur le sol soot modulis par le diplacement de I'airooe(.

Lea phtnomanes obuervis aur lrs saviors ou les vlhicuies terrestres sort analogues. L'enironoement
proche des assenoes jour on rWe dr plus en plun important. Le mouvemeot do [a mer et des
sperstructures drt navires prrturbe le diagrammec des aiins.

La messie do taux d'oode stationnaire sur IPotcrnne d'un poste VIIF mont,' our un vdlsieule en
moove'nent sut A coavaincre qusl ne pest y avoir aurune relation rotre Iandirection apparrome osir
par Iamtonne et la direction rielle de Ia soure.



One analyse pius fine de la'propagation met en evidrne un norubre flevi de trajets multiples
conduisant A ue structure complene dui champ. Des perturbations locales spplimentsres son: lifes
au couplage de i'antre avc des objets situ~s A use ou queiques loogtseurs d'ondo ct leur influence
no post tire dicrite que conune use, non stationnait~ diu champ reVs.

Pour tostes e ralons, irs perturbations induites par la propagation sont de te~t loin Is limitation
prirreipale ass perfotmances des systtmes adaptatfo. mie lorsque, dana le ens des modems
adaptaio, I'objrctitpoursuvi est istement de Irs annuler.

Le ddveloppement do ces techniques passe par us effort do mnodilsation do 14 propagation, tans
lequel auctin progrts ne posrfetre CSpdrl A rasesir.

IV.. !M~ IF~ITST.iN L GOIS

Memo si la, t.ndanco sctselte est: a Iutiiation do plusesn plus systfrnstique du traitement nsmdriqu. Its
systtmes adaptatifs so peuvent itre rWaias sans fonctions analogques. Les systames & large bande, en
raison des frdqsences 4'Eehaneillonnage qu'ds nicessitent out betoin plus quo Its astes de faire, appel A des
calculs analogiquca dont Ia puissance eiquivalentc rat et resrera tans convuun ruessee aver celle des
processeurs; digitaun.

Noss silons done regirder. function par fosetios qselles sost Irs lirnitisus des dresx technologies
analogiqur et digitale, zussi bien du point de vue dejla dynamique qur de Ia largeur dr bande.

IV. PONDECaTON9 COM.PtOES

Toss les traiternents adaptatifs n~cessitent Iecalscul de sommes ponddrdr de signaux convenablement
dlphasd5.

Elbhando itesiro, retards et prodait completes taut iqsivalrnts. Es bando lage. [I Wrn tst pas de
mntme. Lin retard d'une durte u correspond hisa function de transfert:

p Wrint In paranittre do Laplace (ps jw pour let signaux sinusoldaux).

IA
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Lv diptsaage effectut par msultiplication par on nombre complexe de module unite correspond kila
fonction de transfers:

Si on effeesne one multiplication oompleac Mk ob ii aurait falun on retard Pur on coanunet une erreur
relative.

g ftT)-e -e
avee

IV

Dans irs ausennes adapsativms la distance entry lea anterines est gintrulement de I'ordrv de /4k AIa
frdquenze centrale w.

Lecrreur commise en choisissant d'effectuer des multiplications complexes esr alors de l'ordre d.:

Ig- f(,) I - t- x j. - &S

On coastase, que nitmv pour one bandy aussi faible que 10MHz A 300MHz. oesse erreor eat ddjl en
bord de bande de:

"50

soit - 32dB

1_ _ _ _



11 est done indispensable, dans le cue des systtmes A bande large de faire ldtudae thtorique en tenant
compte de la mdehode de poodiration retenue pour la rdiahsation pratique :multiplication complexe,
retard ott une combiaison des deos. use interpollation des retards diarn faite par diphasuge.

I.. Pondfration d'anterinesr nnnratu,,e

11 ni'es pas trgs facile d'effectuer des pondf rations complexes de fa~or snalogiqrlu.
11 est ndeessaire do ceder par filtrage deux tignaux diphasfa de x/2 duns taste la, bande i traitor.
11 fast enacite pouvoir attdnuer diffdremment chaoune, des consposastet avant de irs recorabiner
en sortie. toutes cos foactions introdaisant des pertes. ii eat nieessuire dfaloarer des
amphficateurs pout lea conspenuer, au ddtriment du farteur de bruit et do la liant (Fitg 5).

Urie autre, technique coneite A cotmbiner dfphasage et citangernent de frdquencr en une scale
optration. la phase de l'oocllateur local 6tant ajoatfe A l'aide den ddphaseur variable. LU
linftrit6 et la dynantique de ees systarmes restent trh linutdes.

Le progrUs rapide des diodes do commutation ltyperfrdquence permes de rialiser des lignes; A
retard par Commutation de lonfiseurs de lignes

Evidesametit, lacombisaison variable des taos d'onde stationnuire des commotateurs et des
Mlments de ligne & retard porturbe ldghrement lea edealtats, ts Ri ny a pas de raison pour que
ea ddfat soirot plot importansa que rena qoi esuolteat des earsctirittiqus des antennies et
lignet de trarutmission qal lea prddent dana Ia chaise de ricrptios et dont les taos d'onde
statiusssaire ne eont pus meilleurs

Dr pius, Cos lignet retard variablet oat oar dynamique sans Commune mesure avec Celle des
pricddentes, sucon 616ment eon liadaire, n'istervenant dana, leer rdslisation.

11 ret toutefois ngceesaire de faire suivre coe opdration de retard par use ponddration en
amplitude A laide dun attdnaateur variable doet la linfaritfi est gdadralemest meilleure que
Celle d'un milangeor.

En thdr, rien near ples simple que d'sppiiqaer so signal d'astenne on coefficient de
poniddratios w. Cool se ramgne A use simple multiplication complee.

Malleureusemest, pour poovoir faire cette opdratios, it faut disposer des ichatillos
complexes du signal A traitor. Comment peot-os lea; obtesir:



a) Uter ann yique olansique.
Le signal A nmdrisor ens snultipli avec doux signaux A la ftdquence contrali: do [a bando A
numittssor (quo noun appellorons par convention frdquenco porteuse) d~phasts de 90 degrds
Apras filtrago passe bas, les doox oorposantes rielle us imaginaire peutvens Oto numisisdos.

Wo 6l6menta analogiquea continuant cotte teto do rdception no sont pan tr8s ditffronts do oouxs
dn multiplieur analogiquo. Les litmitationa tethriologiques qu'ils introduinent sort done
4quivalontes.

Les codeurs numdriquon nidritont one attention partiosslito. Lout lindarit6 doit Wte trts bonne.
Lout pas do quantifica'ion dot tre sensiblesnent plus faible que le bruit shetonique, do faqon A
no pas dograder lo factour de bruit. Le nombro de bits do codage doit 6tto suffisant pour coder
sauna saturation los signana parasites Ion plns forts qusI ont possible do reoontor.

Enin, ils doivont tiro capables do ruder A uno cadence sutisante F - I/Il. B itant Ia bande da
filtro (mesuut a no pins oo le signal transis devious ndgligeable devant le bruit therinique)

b) TUtes analytiques A nut Icbantillomiago (Fig !0),
Lorsqu'kl eninto des codeuta aaacz rapides, il ont possible do coder directement In signal, Sas
changensen' do froquence, puin do giodror par filtrago numidrique Ion deua cimposanses den
fchantilloan comnplexes. Touto Ia difficult6 technologique ost alors reporido nut le codeur
analogiqao namtrrque.

IV.2 LE FII.TIAGE DES SIGNAJ II SAAtTl~M~

En g~ndral, darts on rMcepteur, il ens ndcsairo d'dlstincr on ntse des signaux parasites horn bande
urtil do forte amplitude. 11 enst pan tate en tOI~commsunications quo Ie signal d'un imetteur localis6
soit roevs avec neulotnent lOdli do dotcouplago sat one antenne voinino.

A prounmit dun frmetteut do 1KW, si faudra ateindre use attdnuatioa do 194dB pour ramener on
signal parasite aunivean du bruii tbettmiqao dana one bande de 1K~lz. Des rdjectiona do 100d13 serons
donc souvent r Ocessairca avant tout traisement. Cool no peat Otto rialis6 quo par des filtres
analogiques paasifn.
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IV.3. LE AIMU DES CQEF5CII5ENTSMIE ORRIUJV N

U~ caicul de coefficients de corritlation pest Wte fait de agon anatogique surIt principe de Ia
figure 10. Toutefois, cc scbif s ne fournit que la partie ritelle du produit. Dans It can des signaux
A bande 4troite, centrfn sur ane fr~quence, porteuse. il faut calculer independemmueat Ies patties
rehes et imagiaires du coefficient de coffilation, ce qal complique aenusiblement In scetss

IV.3.2. CakWAlnsM~ndWr

Cc enlcul est trivial ete no niessite quune puissnce de calcul relativement lonnitte. Les solutions
numiriques sont done prdfries A chaque fois que te ciroix ett possible.

IVA4 LE£ CALCUtI. DFS COEFFICIENTS DES MESiW ADAI'TATIFS

Quit s'agisse de filtres. spaslaux ou tesaporel, Itcantol nunitique des coefficients eat toujours
pritirable. Its n thoden anslogiques nr pemettant de [settee en oeuvre que des ratthodes de zito
dont In vitesse do convergence n'est pas tosijoses maltrisable.

La mnisc en oeuvre des atgorithnses d'adaptation eteessite pratiquemens It pasage asia mithodes
nuisriques.

lV.S L ES Fit TOES ADAPATIES N BAND& DE BASE

Ces filtres; ditsgSnis gdnirnlensent sous It nuom ddgalisears ne seat prutiquement etahisables que sout
foitue nonstriqee. Mense tilets principe qu'als mehteas en oave sent conaus depuis luagiemps cc
West quo depuis que les techiniques digitales sent suffisansuens eapides que les applications pmatiqucs,
seat appaue



En Conclusion, on observe que lts techniques nusadoiques sont nettemont prdfdrables ass: techsniques
asalogiquen. DI y a done lieu delIts utiliser clssque fois que cola en: possible.

Par consee, Ies fonctios do filtrage hsaute friquence avant nunidrisation do cossditionssenn de signaux
avant codago et A fortiori de codage analogique numdorique dans lts systtmos digitaux sons sr4s ddlicates.

Cestains signassa parasites provenant de sources consos les brosillours de barrage on let dmettoeurs pochos
pouvens injector das lts rdeptct~rs des niveaux oonsidirables qusaucssn Circuit actif ne pout rocovoir sans
introdssire tune intoroodnlarion inaccoptablo.

Los solutions techniques adopties dun es o rcoptos cassiques A bands dtroite ne sons plus utilisables.
Commons gasansir lidontuit patfaite de plusieus chalnes do rdcepsion, l'apairage dos gains, des chaises do
contrdle automasiqus do gain, do la bands passanso os du dflphasage diffdroutiel des diffdentes voios ?

Posr sejeter us brouillour cogs avee us nivoau do 40 dddibels sspdriour as signal uil ii fast qus Ia pursue
analogiqus d'entrie etslo codeur nsmdrtiqss alost sno dysatniqus tri.s impostanso.

On dois admsttrs quo coo performances doivont g50s tosses dans as momas use trensains do ddcibes do
dynamiqus. Lc brosilleur doit, apirts traitonsent condairo A us signal A bruit du mt~ms ordre. 1I CAt odsuie
quo Ia patic asalogiqus doit avoir as momns tune dyssstniqss do MOMd, 6vensuellemost ostensible par
attinsateses flues eun tate. 11 no fnut done pas sous estinsor len diflicultis technologiquss quo lon rescontro
dans Ia mise aa point des systtmos adaptatsfo.
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Figure I

Sch~eme 9~rflf du mod~Ie de propagation

General schema of the propagation ezodel
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Figure 3
tMod~Ie de traitement -ad-aptatif frequentiel et spatial
Mlodel of spectral and spatial adaptative traltecent
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Figure 4
Structure du I'litre adaptatif de ricepticni bande itrolte et large bande

Structure of the reception adaptative filter narrow and large band
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